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THL  MISSION  OF  AGARD 


The  mission  of  AGARD  is  lo  bring  together  the  leading  personalities  of  the  NATO  nations  in  the  f  ields  of  seience 
and  technology  relating  to  aerospace  for  the  following  purposes 

I  xchanging  of  scientific  and  technical  information. 

Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence 
posture. 

Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development ; 

Providing  scientific  and  technical  advice  and  assistance  to  the  North  Atlantic  Military  Cammittee  in  the  field 
of  aerospace  research  and  development; 

Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations  in 
connection  with  research  and  development  problems  in  the  aerospace  field; 

Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 

Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  development  capabilities  for 
the  common  benefit  of  the  NATO  community. 

The  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 
representatives  from  each  member  nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are 
composed  of  experts  appointed  by  the  National  Delegates,  the  Consultant  and  Kxchange  Programme  and  the  Aerospace 
Applications  Studies  Programme.  The  results  of  AGARD  work  are  reported  to  the  member  nations  and  the  NATO 
Authorities  through  the  AGARD  series  of  publications  of  which  this  is  one. 

Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations. 
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by 

E.  C.  Simpson 
Consultant 
Kettering,  Ohio 
USA 


This  symposium,  held  in  Turino,  Italy,  was  the  56th  of  the  Propulsion  and  Ener¬ 
getics  Panel  of  AGARD.  The  symposium  was  important,  since  the  increasing  demands  on 
turbine  engines  performance,  durability,  safety  and  pullution  emission  require  an 
improvement  in  test  methods.  The  aim  of  the  symposium  was  to  provide  better  test 
methods  to  the  engine  research  and  development  engineers  and  to  meet  the  manufactur¬ 
ers  '  ,  the  buyers',  and  the  users'  test  requirements  for  engine  delivery,  reliability, 
economy  and  maintenance . 

At  first  a  comprehensive  survey  on  testing  requirements  for  engine  qualification 
and  development  was  provided  for  both  military  and  civil  engines.  Engine  component 
testing  and  complete  power  plant  testing  were  discussed.  Various  aspects  were  ac¬ 
counted  for;  performance  assessment  with  transient  and  angle  of  attack  effects; 
complementation  of  advanced  analytical  prediction  techniques  by  testing;  and  compar¬ 
ison  of  test  data  and  actual  flight  data. 

Finally,  trends  for  future  engine  testing  were  considered.  New  test  techniques 
and  additional  test  facility  capability  may  be  required  to  cope  with  the  changing 
test  needs. 

In  order  to  build  a  framework  against  which  to  examine  more  detailed  require¬ 
ments,  the  symposium  opened  with  a  review  of  differences  between  approaches  to  exist¬ 
ing  codes,  emphasizing  differences  in  reliability  and  durability  testing  requirements. 
The  Influence  of  mission  profiles  and  environmental  condition  impacts  were  discussed. 
The  possibilities  of  international  coordination  to  the  point  of  obtaining  a  common 
requirement  were  discussed.  The  amplification  of  the  details  and  requirement  expan¬ 
sions,  and  the  need  for  these  expansions  as  they  applied  to  current  military  engines 
being  developed  by  the  United  States  Navy  opened  the  view  of  testing  requirements 
further.  Also  broadening  the  view  was  the  system  of  qualification  and  certification 
used  in  the  Federal  Republic  of  Germany.  A  difference  is  created  by  the  fact  that 
the  approving  agency  is  concerned  only  with  airworthiness,  free  from  demands  of 
schedule,  finances  and  other  user  nuances,  and  is  true  in  nearly  all  commercial  avi¬ 
ation.  Then  some  of  the  peculiarities  created  by  usage  were  covered,  such  as  heli¬ 
copters,  efforts  combined  with  two  countries  participating  in  the  certification  on  a 
commercial  effort. 

An  additional  problem  is  created  by  the  fact  that  some  sections  of  the  propulsion 
system,  (inlet,  air  exhaust,  their  interactions  and  driven  systems)  are  integrally 
connected  to  the  airframe,  and  testing  of  the  total  propulsion  and  power  system  must 
therefore  be  a  combined  and  highly  cooperative  activity.  These  problems  were  pointed 
out  by  two  air  frame  manufacturers.  Because  of  these  technical  aspects  and  the  fact 
that  both  air  frame  and  engine  manufacturers  have  great  assets  at  risk,  the  document¬ 
ation  of  the  description,  schedule,  performance,  etc.,  must  be  carefully  defined,  as 
well  as  the  basis  for  any  measurement  defined  in  great  detail. 

One  of  the  really  new  testing  elements  that  must  be  addressed  has,  in  effect, 
been  adapted  to  military  usage  in  theory  and  some  field  trials  held.  The  basis  of 
this  new  technique  is  having  knowledge  of  failure  rates  based  on  the  failure  mode 
which  may  be  used  to  extract  the  life  built  into  the  engine.  There  are  two  predomi¬ 
nant  failure  modes,  i.e.  stress-rupture  and  low  cycle  fatigue.  Another  mode,  high 
cycle  fatigue,  seldom  reaches  service  use,  since  it  can  exist  only  minutes;  or,  abuse 
being  random,  can  hardly  be  designed  out  of  the  engine.  The  defined  process  can  aid 
supply  agencies  in  buying  the  correct  distribution  of  parts,  even  when  circumstances 
force  a  major  change  in  mission  or  usage.  If  durability  is  to  be  programmed,  the 
testing  program  must  provide  proper  and  adequate  testing  in  the  development,  in  terms 
of  time,  hardware,  money  and  facilities.  What  is  really  being  called  for  is  treat¬ 
ment  of  the  aircraft  as  an  "engineering"  system,  rather  than  a  "management"  system. 
When  adequate  data  is  accumulated  this  system  makes  possible  a  concept  on  testing 
objectives  which  may  well  be  worth  an  AGARD  workshop  in  12  to  18  months.  The  testing 
to  be  done  Includes  complete  engine  testing,  environmental  testing,  component  testing, 
and  bit  and  piece  testing  (including  maintenance  effects). 

The  UK  programme  of  engine  in-flight  data  recording  and  analysis  in  service, 
which  is  gaining  as  an  essential  requirement  (for  the  support  of  an  on  condition 
maintenance  policy),  is  the  initial  model  of  data  necessary  for  the  system  outlined 
in  the  foregoing.  The  minimal  system,  which  began  operation  in  1974  accruing  data 
for  engine  life  usage  information,  has  been  expanded  and  results  put  to  use. 

The  remainder  of  the  tests  have  been  found  to  be  necessary  and  in  general  incor¬ 
porated  in  most  programs  currently  active.  Theee  include  testing  to  determine  airflow 
patterns  as  created  by  the  inlet  during  steady  state  and  during  maneuvers  -  a  costly 
process  because  of  the  data  analysis  effort  required.  Also  required  is  an  expensive 
instrumentation  arrangement,  thus  comprising  a  program  which  must  be  well  planned  or 
it  is  useless,  or  much  more  expensive.  Another  element  difficult  to  measure  accurate¬ 
ly  -  that  is,  measure  with  sufficient  accuracy  to  be  useful  -  is  Radar  Cross  Section, 
which  frequently  requires  large  sections  of  the  aircraft  to  be  attached. 
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Infra-red  radiation  is  just  as  difficult,  but  knowledge  of  survivability  charac¬ 
teristics  require  both  measurements  to  be  made.  Emissions  are  another  headache, 
these  include  smoke  in  the  military  cases,  and  chemical  emissions  in  the  civil  sector. 
Many  of  the  measurements  are  in  parts-per-million ,  and  approach  the  capability  of 
accurate  measurement. 

The  Auxiliary  Power  Unit  (APU)  offers  another  differing  demand  for  testing,  since 
the  life  of  the  unit  between  overhauls  is  nearly  always  determined  by  low  cycle  fa¬ 
tigue.  It  is  frequently  operated  unattended  and  its  life  in  general  is  depleted  by 
the  start-stop  cycle.  It  is  frequently  placed  where  it  is  difficult  to  inspect,  yet 
it  is  complex  and  must  be  dependable.  The  certification  test  on  the  APU  probably  has 
the  widest  variation  (dependent  on  use)  of  any  set  of  engine  certification  tests. 

Another  problem  which  requires  testing  in  the  development  program  is  pointed  out 
by  our  commercial  friends.  Since  the  engines  for  a  fleet  of  aircraft  lose  efficiency 
with  usage,  the  loss  or  lapse  rate  needs  to  be  known.  One  airline's  data  indicates 
loss  of  3/4%  per  year  for  the  older  engines,  while  the  newer,  high  pressure,  low  fuel 
consumption  engines  lose  about  lkX  per  year.  The  differences  are  not  that  striking 
if  absolute  increases  are  used.  The  performance  deterioration  has  been  studied  in 
depth,  as  reported  by  NASA  for  both  CF6  and  JT9 . .  The  damage  mechanisms  and  how  they 
contribute  to  the  performance  deterioration  include  seal  rubs,  erosion,  surface  rough¬ 
ness  and  thermal  distortion.  If  these  are  the  causes  of  the  deterioration,  then  it 
is  dubious  that  the  current  AIDS  system  can  do  much  to  pick  out  offending  modules, 
and  in  fact,  an  AIDS  system  accurate  and  adequate  to  pick  up  such  elements  causing 
deterioration  could  well  cause  more  maintenance  problems  than  they  cure,  even  if  the 
user  were  willing  to  pay  for  the  more  complicated  equipment. 

Another  testing  requirement  which  has  been  added  in  recent  years  requires  demon¬ 
stration  of  a  minimum  degree  of  tolerance  to  foreign  object  damage.  Past  field 
experience  indicates  that  the  effect  of  various  hardness  objects  is  great,  yet  the 
rules  currently  are  concerned  only  with  ice,  rubber  and  birds,  and  therefore  this  is 
essentially  a  limited  test. 

Recently  a  new  form  of  testing  has  been  demanded  by  some  military  purchasers  of 
aircraft  engines.  This  general  form  of  testing  has  been  in  use  for  some  time  in  the 
civil  world.  A  current  name  for  this  testing  is  Accelerated  Mission  Endurance  Test¬ 
ing,  and  it  sets  up  cycles  to  simulate  the  mission  in  use,  then  removes  the  long  time, 
steady  state,  easy  (low  life  extraction)  portions  to  give  a  situation  that  by  adjust¬ 
ment  can  be  made  to  duplicate  some  service  failures.  In  general,  one  specific  test 
arrangement  will  test  one  group  of  parts  realistically,  but  not  all  parts.  It  is 
therefore  necessary  that  there  be  a  way  in  which  to  evaluate  the  value  of  the  test. 
This  can  be  done  with  field  experience.  Evaluating  the  value  of  a  test  is  a  common 
problem  in  engineering,  and  a  function  often  overlooked.  The  presentation  gave  a 
discussion  of  the  various  types  of  failure  modes  which  are  currently  not  detectable 
in  AMT  testing. 

The  importance  of  testing  the  entire  propulsion  system,  which  includes  engine 
inlet,  inlet  control,  exhaust,  nacelle  de-icing  system,  and  other  power  systems,  has 
long  been  contemplated  and  discussed  and  studied,  and  is  the  main  reason  for  free-jet 
testing.  It  requires  about  two  times  the  air  flow  that  a  direct-connect  arrangement 
requires.  While  direct-connect  requires  between  15  and  20  corrections,  free-jet  is 
more  complex  yet,  particularly  in  the  sub-sonic  case.  The  results  can  be  worth  the 
effort,  as  shown  in  the  NOTE  paper. 

The  technique  of  inlet  compatability  testing  has  been  developing  over  a  15-year 
period  and  has  been  brought  to  a  relatively  high  state  of  effectiveness.  The  method 
described  has  proven  highly  successful  in  assessing  compatability. 

Testing  engine  transients  has  become  of  increasing  importance  regarding  durabil¬ 
ity  effects  and  prediction  of  stall,  surge  and  other  specific  problems.  The  develop¬ 
ment  of  the  necessary  high  speed  instrumentation  and  techniques  for  using  it  will  vary 
somewhat  with  the  engine  being  tested  and  the  purpose  of  the  test,  but  the  principles 
remain  constant. 

Experimental  Verification  of  Turboblading  Aeromechanics  is  a  new  class  of  testing 
required  by  the  increasing  diversity  of  modern  aircraft  and  missions,  causing  in¬ 
creased  blading  complexity  and  requiring  consideration  of  extended  and  variable  opera¬ 
tional  environment  of  the  current  and  growth  flight  regime.  Aeromechanical  behavior 
and  evaluation  must  include  practical  operational  effects  and  sensitivities.  Predic¬ 
tion  of  vibratory  responses  of  forced  vibration  and  fundamental  mode  instability  mar¬ 
gins  is  presently  inadequate.  The  theory  has  been  proven  incomplete,  and  there  is 
certainly  opportunity  for  development  of  a  fundamental  theory  which  responds  to  the 
necessary  parameters.  These  dynamic  responses  are  influenced  by  pressures  and  temper¬ 
atures  which  define  the  environment  of  the  part.  The  instrumentation  becomes  very 
difficult  and  complex,  particularly  for  the  inner  spool  of  a  multi-spool  engine  when 
operating  in  the  engine. 

The  thrust  load  on  bearings  is  an  example  of  other  forces  which  need  to  be  veri¬ 
fied  and  are  very  difficult  to  measure;  yet  remarkable  capability  in  terms  of  elec¬ 
tronics  exists  to  accomplish  these  measurements. 
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Special  purpose  or  broadly  differing  usage  creates  many  specific  testing  problems 
The  problems  arise  due  to  additional  data  being  necessary,  additional  components  be¬ 
ing  introduced,  or  the  design  life  of  the  engine  being  so  very  short  for  single  pur¬ 
pose  that  frequently  an  engine  will  not  last  long  enough  to  obtain  the  complete  data 
set.  In  other  cases  the  importance  of  data  elements  is  altered  by  a  gross  change  in 
usage . 

These  variations  were  discussed  in  terms  of  a  VTOL  engine  which  is  required  to 
vector  its  thrust,  change  thrust  rapidly,  and  accept  large  bleed  flow  some  of  the  time 
an  advanced  reheated  turbofan  engine  where  the  performance  was  to  be  measured  of  de¬ 
termined  in  flight;  and  various  validation  methods  used  for  determining  aircraft  per¬ 
formance  change  caused  by  the  variation  in  engines  caused  by  production  tolerances. 
Also  covered  were  the  procedures  and  specific  tests  for  helicopter  transmissions  and 
the  specific  problem  in  dynamic  testing  of  interface  problems,  as  well  as  development 
testing  of  a  limited  life  engine,  such  as  the  microturbo  TRI60  turbojet. 

A  relatively  small  role  in  the  program  covered  component  testing.  This  type  of 
testing  is  in  general  necessary  to  flow  match  the  components,  match  of  RPM  for  spools 
of  a  multi-spool  engine,  optimization  by  adjustment  of  stagger  and  camber  the  flow 
and  efficiency  of  turbine  and  compressor,  optimization  of  clearances,  roughness,  fits 
and  a  myriad  detail  of  design  and  construction  definition.  This  class  of  testing 
included  large  compressor  testing,  concentrating  on  the  facility  and  instrumentation; 
full  annular  combustor  test  facility,  again  concentrating  on  the  facility  and  instru¬ 
mentation.  Also  includes  procedures,  low  pressure  turbine  testing  and  the  accuracy 
attainable.  Also  addressed  in  the  paper  was  supporting  bidimensional  cascades, 
rotating  cascades,  cold  flow  rigs  and  the  total  engine;  a  two-stage  turbine  rig 
used  to  investigate  the  effect  of  the  tip  clearance  on  efficiency,  Reynolds  number 
effect  and  cooling  flow  aerodynamic  effects;  mechanical  testing,  such  as  overspeed, 
fatigue,  bird  ingestion  and  blade  containment;  and  the  need  for  controlling  environ¬ 
ment  during  this  testing,  instrumentation  and  additional  facility  needs. 

The  final  touch  was  two  papers  predicting  the  type  of  facilities  needed,  but  not 
now  available.  I  will  leave  it  to  the  historians  to  show  the  correctness  of  these 
predictions . 

The  symposium  created  an  excellent  examination  of  the  various  types  of  testing 
which  have  been  found  necessary  in  the  propulsion  area.  All  of  this  testing  can  in 
general  be  divided  into  four  basic  categories,  which  I  have  elected  to  call  Proof 
Testing,  Capability  Testing,  Design  Testing,  and  Trouble  Shooting.  There  were  two 
other  categories:  one  endeavoring  to  correct  historic  details  of  test  programs  to 
include  testing  and  acquisition  of  data  that  will  provide  aid  and  comfort  to  the 
functions  of  maintenance,  supply  and  cost-consciousness,  an  omission  long  needing 
correction;  the  second  predicting  facilities  that  will  be  needed  in  the  future. 

It  was  noted  that  no  paper  (and  very  little  mention)  appeared  on  data  accuracy 
or  confidence,  despite  the  fact  that  the  primary  purpose  of  testing  is  to  obtain  data 
which  can  be  confidently  accepted  and  used.  An  uncertainty  report  on  the  data  is 
considered  as  important  in  testing  as  the  data  compilation.  Considering  performance 
the  most  accurate  data  over  the  long  run  is  about  -1%%,  which  includes  force  balance 
and  momentum  balance  methods  at  the  same  time.  The  worst  (one-time)  set  of  data  seen 
by  the  author  is  il7.07».  It  is  apparent  that  much  skill  exists,  but  if  not  properly 
applied  the  test  has  zero  value.  Life  testing  has  much  scatter  (largely  due  to  vari¬ 
ation  of  material  properties)  and  can  only  be  as  accurate  as  prediction  of  usage. 

Proof  testing  concerned  about  507.  of  the  papers,  and  since  this  is  the  payoff 
test,  there  is  great  temptation  by  the  manufacturer  to  aim  at  this  test,  fix  bayonets 
and  charge  without  adequate  testing  in  the  other  categories  of  testing.  Of  the  18 
papers,  15  were  on  engine  tests,  8  on  the  various  procedures  used,  and  7  on  qualifi¬ 
cation  of  special  cases.  Three  were  on  engine  tests  as  part  of  their  aircraft,  one 
of  which  wa3  a  special  case.  Many  of  the  specifications  call  for  a  large  number  of 
tests  in  addition  to  a  complex  and  long  engine  endurance  test,  which  includes  many 
throttle  movements,  altitude  testing,  several  fuels,  etc.  Tests  such  as  removing  and 
replacing  the  oil  tank  cap  12,000  times,  a  proof  test  that  the  control  system  will 
function  properly  in  a  very  severe  electro-magnetic  field,  a  test  of  the  fuel  pump 
with  very  dirty  fuel,  an  oil  interruption  test,  etc., are  also  required.  There  are 
between  75  and  100  such  tests,  and  only  when  all  have  been  successfully  completed 
can  the  engine  be  properly  called  Certified. 

Capability  testing  is  usually  conducted  on  an  engine,  but  occasionally  on  a  com¬ 
ponent.  If  a  component  is  used,  it  is  usually  for  one  of  two  reasons;  (1)  a  failure 
is  likely  to  occur  and  it  becomes  far  less  expensive  with  a  component  because  second¬ 
ary  damage  is  restrained;  or  (2)  many  of  the  instrumentation  problems  with  an  engine 
can  be  eliminated.  Seventeen  precent  of  the  papers  were  on  such  testing. 

The  newest  test  form  for  the  military  is  "accelerated  mission  testing"  and  is 
quite  effective  for  life  determination  after  the  usage  definition  is  known .  The 
limitations  must  be  understood  for  it  is  not  a  cure-all.  Such  things  as  the  effect 
of  errors  in  adjusting  the  engine,  lapse  rate  of  performance  with  usage,  maneuver 
limitations  as  caused  by  inlet  distortion,  rate  of  precession  that  the  engine  can 
absorb  and  the  airframe  can  provide,  limits  of  afterburner  light  in  altitude  and 
speed,  relight  limits,  surge  and  stall  limitations,  low  cycle  fatigue  life  component 
by  component,  flutter  boundaries,  stress  rupture  life  and  repair  tolerances,  as  well 
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as  techniques,  are  some  of  Che  elements  that  capability  testing  will  be  required  to 
cover . 

Design  testing  usually  uses  major  components  or  small  bench  set-ups,  and  these 
results  are  necessary  to  provide  validation  of  computed  designs;  to  provide  correc¬ 
tions  to  computed  designs;  and  to  optimize  such  elements  as  cooling  passages,  camber, 
turning  angle,  deviation  angles,  boundary  layer  correction  factors,  temperature  pro¬ 
files  of  the  gas  (working  fluid)  and  hot  parts,  transient  heat  flow,  material  property 
variations  caused  by  manufacturing  processes,  and  heat  treatment.  They  are  currently 
used  to  optimize  variable  geometry  schedules,  adjust  designs  for  3-dimensional  flow 
effects  and  determine  minimum  clearances  due  to  transient  temperature  and  stress 
conditions.  The  usual  approach  is  to  design  the  parts  based  on  experience  and  theory 
and  check  the  elements  out  as  bench  elements  or  components  to  the  maximum  degree  pos¬ 
sible  to  ensure  profiles,  flows,  clearances,  pressures,  temperatures,  etc.,  are  as 
they  should  be,  insofar  as  possible  with  the  transient  conditions.  This  class  was 
addressed  by  19%  of  the  papers  covering  mechanical  parts  and  elements,  turbines,  com¬ 
pressors,  helicopter  trans-missions,  combustors,  and  the  facilities  and  instrumenta¬ 
tion  necessary  to  conduct  some  difficult  forms  of  this  class. 

The  paper  which  could  be  considered  as  "trouble-shooting”  covers  an  important 
example.  In  this  testing  function  it  is  necessary  to  be  able  to  duplicate  the  failure 
not  only  in  failure  mode,  but  in  cycles  or  time  that  relates  back  to  the  point  in  the 
engine's  life  where  the  failure  occurred.  These  tests  lean  heavily  on  experience  of 
the  test  engineer  as  well  as  clever  deduction  by  an  analytical  design  engineer.  This 
paper  accounts  for  about  3%  of  the  testing  papers. 

One  view  of  the  shortcomings  of  the  testing  which  follows  the  historical  approach 
may  be  shown  by  the  following: 

1.  It  provides  inadequate  data  to  translate  life  expectancy  at  one  mission  to 
another  mission,  an  event  which  will  usually  occur  one  or  more  times  in 
military  usage. 

2.  It  provides  inadequate  data  to  let  the  Supply  Agency  do  a  good  job  of  pur¬ 
chasing  the  spectrum  of  spare  parts. 

3.  It  does  not  provide  a  logical  life  growth  system  in  its  makeup. 

4.  It  provides  a  format  too  rigorous  to  permit  proper  aircraft  system  engineer¬ 
ing  -  as  opposed  to  system  management. 

5.  It  does  not  adequately  address  the  problems  of  trimming  in  maintenance. 

There  were  four  papers,  or  11%,  which  voiced  methods  and  improvements  in  the 
testing  approach  which  would  alleviate,  if  not  solve,  the  foregoing  problems.  These 
particular  papers  -  since  they  seek  to  solve  problems  rather  than  report  events, 
methods  procedures  in  use  today,  or  about  to  be  in  use  -  are  deemed  important  beyond 
their  number.  We  seem  to  have  forgotten  several  facts: 

1.  For  every  new  engine  built  there  are  5  or  more  "overhauled"  engines  built, 
many  containing  repaired  parts,  and  the  bulk  of  the  parts  are  "used",  with 
all  that  this  word  implies. 

2.  Every  Chief  Engineer  should  have  to  personally  go  into  the  field  and  trim 
one  of  his  little  gems  (the  most  recent)  so  that  he  can  know  without  equivo¬ 
cation  the  kind  of  mess  his  trim  procedure  is.  To  cite  a  few  examples:  some 
require  measurement  of  a  pressure  ratio  to  the  third  decimal  place  -  a  value 
which  is  influenced  by  a  breeze  of  modest  magnitude  and  breeze  direction; 
some  engines  take  as  much  as  8  hours  and  several  men  to  do  the  trim  effort; 
some  engines  must  be  retrimmed  when  ambient  temperature  changes  a  modest 
amount . 

3.  All  too  often  we  find  that  we  have  in  supply  excess  spare  parts  whose  failure 
rate  is  much  less  than  predicted,  and  no  spare  parts  for  those  whose  failure 
rate  is  much  higher  than  predicted.  Naturally,  only  the  latter  case  creates 
the  havoc  (particularly  in  these  days  of  long  lead  time)  of  grounded  air¬ 
craft  . 

4.  Engines,  like  people,  are  not  bom  mature,  nor  are  they  likely  to  be.  One  of 
the  main  reasons  is  that  the  aircraft,  mission,  usage  and  maintenance  envi¬ 
ronment  are  not  correctly  defined  when  the  engine  is  "born". 

5.  The  required  operating  characteristics  of  an  aircraft  increase  in  severity 
during  the  development  process  for  a  number  of  reasons.  Some  reasons  are: 

(1)  addition  of  missions,  and  hence  equipment;  (2)  correction  of  problems; 

(3)  reduction  of  cost,  such  as  substituting  aluminum  or  steel  for  titanium 
and  causing  large  weight  increases;  (4)  errors  in  drag  estimation;  (5)  desire 
for  more  range,  etc.  These  changes  require  the  engine  to  alter  as  dictated 
by  reasonable  system  engineering.  There  are  cases  where  the  weight  of  the 
vehicle  has  doubled,  but  system  management  has  not  permitted  the  engine  to 
alter  nor  the  schedule  to  slow. 
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These  four  papers  are,  in  a  practical  sense,  probably  the  most  important  of  the 
symposium,  if  only  they  stir  some  thought,  but  more  important,  some  action  --  even  a 
little  action. 


Conclusions : 

I  conclude  that  the  symposium  did  an  excellent  job  in  (1)  defining  procedures, 
instrumentation ,  and  tests  for  the  currently  new  requirements;  (2)  pointing  out  areas 
of  change  needed  in  the  testing  program  approach;  and  (3)  outlining  some  areas  where 
some  research  is  needed,  such  as  a  basic  computational  system  for  blade  flutter  and 
instrumentation  for  emissions,  strain  and  other  high  frequency  devices. 


Recommendations : 

I  recommend  that  the  Panel  consider  means  of  causing  improvement  in  content  of 
engine  testing  programs  by  (1)  providing  a  logical  growth  in  life  element  in  the 
sequence,  (2)  adding  requirements  to  support  the  logistic  functions;  and  (3)  recom¬ 
mending  a  basic  research  program  on  blade  flutter. 
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INTRODUCTION 

:  lie  Western  World  seene  is  presently  dominated  by  two  outstanding  eodes  lor  eivil  certification  of  aircraft  turbine 
engines,  one  adopted  in  the  US.  I  AR  7 3 .  and  the  other  widely  adopted  in  Europe,  JAR  "E". 

I  lie  J  AR  "1  ■"  is  a  fairly  recent  code  adopted  by  the  European  Joint  Airworthiness  Requirements  Committee  which 
technically  corresponds  to  British  BCAR  Sect  C  but  does  not  include  helicopter  engines.  The  present  situation  is 
repress  ntative  of  the  technical  and  scientific  expertise  on  both  sides  of  the  Atlantic  where  the  most  important  engine 
Manufacturers  have  built  their  most  successful  products  that  became  worldwide  accepted.  Other  engine  Manufacturers  in 
different  countries  have  followed  one  of  the  two  codes  to  certificate  their  products  mainly  according  to  the  area  of 
influence  of  their  respective  markets.  We  wish  to  point  out  that  since  many  of  the  successful  engines  of  the  western 
world  have  been  certificated  according  to  both  codes,  the  substantial  equivalence  of  the  airworthiness  level  “de  facto" 
afforded  by  the  two  sets  of  regulations  is  established. 

Since  I  d70  US  (EAA)  and  British  Airworthiness  Authorities  (CAA)  have  agreed  on  the  mutual  acceptance  of  engines 
built  in  respective  countries,  provided  that  a  technical  evaluation  is  performed  with  particular  respect  to  the  areas  of  new 
features  of  the  design  itself.  I  bis  has  been  a  valuable  agreement  and  has  saved  time  and  money  for  both  the  Authorities 
and  industries  concerned.  It  is.  however,  subject  to  two  disadvantages.  Firstly,  it  does  not  include  countries  other  than 
US  and  UK  and  because  of  its  dependence  on  ".  .  the  service  record  of  engines  accepted  against  tle-se  codes",  it  can  only 
really  be  used  by  countries  with  an  established  and  proven  record  on  engines.  Secondly,  it  is  theoretically  renewable 
every  time  a  change  is  made  to  the  requirements  on  either  side,  and  although  this  has  never  led  to  its  cancellation,  there 
have  been  areas  about  which  the  words  implying  that  there  ".  .  .  is  a  general  balance  of  the  two  codes  .  .  "  have  been 
dangerously  stretched. 

In  more  recent  years  substantial  work  has  been  performed  by  an  "Ad  hoc"  US.  UK  and  France  committee  trying  to 
establish  the  existing  differences  and  to  reach  agreement  on  common  solutions  in  different  problem  areas. 

Harmonization  appears  to  he  a  different  task  owing  to  different  existing  philosophies  and  procedures  and  different 
manufacturers  positions  on  both  sides  of  the  Atlantic,  and  the  road  to  reach  the  ultimate  goal  appears  to  be  rather  long 
at  this  point  in  time 

For  many  years  the  EAR  ad  format  was  kept  rather  short.  Basically  only  the  acceptance  requirements  were  written 
in  broad  form  while  policy  material  to  comply  with  the  formal  requirements  (usually  a  few  sentences  if  not  only  one) 
was  laid  out  in  rather  extended  Advisory  C  irculars. 

BCAR  Sect  (  have  included  in  the  body  of  the  regulations  also  CAA  accepted  policies  spelling  out  the  details  of 
various  testing  procedures  and  acceptable  means  of  compliance  in  great  extent 

It  was  often  said  that  building  successful  engines  is  an  Art  more  than  a  Science  and  the  logical  consequence  was  that 
to  the  “Artist"  (the  Manufacturer)  much  freedom  was  left  in  performing  In-  duty  to  comply  w  ith  the  rules  I  lie 
difference  between  the  amount  ot  endurance  testing  required  and  the  cngi.  •  overhaul  life,  which  now  is  about  JO  or  more 
than  tile  officially  demonstrated  period,  can  be  explained  only  considering  economies  and  technologs  improvements 
which  have  pushed  engine  durability  far  beyond  expectations 

In  the  whole  framework  ol  the  certification  tests  the  mechanical,  gasdynainie  and  thermods  n.unic  properties  ol  the 
turbine  engine  receive  proper  assessment  together  with  all  engine  related  parts  and  related  systems  I  \K  !  1  makes 
specific  reference  to  those  parts  of  fuel  and  oil  lines  that  are  integral  parts  ol  the  engines  in  assessing  their  endurance 
vibration,  and  lire  proof  characteristics  etc. 
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BCAR  Sect  (  in  ,kKI  it  ion  to  system  components  that  are  physically  attached  to  the  engine  makes  also  ret  ere  lice  to 
oilier  system  components  that  are  part  of  the  aii craft  system  with  an  overall  view  to  engine  aireratt  integration  and  inter¬ 
lace  Some  requirements  that  are  currently  in  BCAR  Sect  ('  cover  also  parts  o|  the  aireratt  systems  that  in  the  l  AKs 
given  m  dillerent  parts  outside  I  AR  33  ti  e.  EAR  25)  The  same  approach  is  used  in  respect  of  accessories  that  are 
covered  in  a  more  detailed  fashion  defining  the  requirements  to  he  included  in  the  specifications  such  as 

Vibration  effect  on  the  operation 
Acceleration  effect  on  the  operation 
tiyroscopiv  loads  as  appropriate 
High  energy  rotating  parts  containment 
Resistance  to  fire  or  explosion 
Magnetic  and  radio  interference 
I  Icctrical  insulation 
(  Innate  variation  such  as  humidity  etc. 

while  I  AR  33  refers  broadly  to  their  reliability  under  expected  flight  and  atmospheric  conditions 

Owing  to  the  practical  difficulties  to  present  a  paper  dealing  with  all  engine  certification  requirements,  some  of  the 
most  significant  items  have  been  identified  and  are  discussed  extensively  with  the  purpose  of  detailing  a  comparison 
between  the  two  sets  of  rules  as  follows: 

1.  Rower  ratings 

2.  Endurance  testing 

3.  Stress  and  fatigue  aspects  of  rotating  parts 
4  f  oreign  object  ingestion 

5.  Ice  protection 
tv.  Engine  fault  analysis 

Only  general  comments  are  then  given  tor  other  requirements.  Some  views  are  then  expressed  concerning  other 
aspects  ol  engine  final  certification  that  although  outside  the  airworthiness  certification  cannot  be  ignored  since  they  are 
dictated  by  existing  environment  rules,  such  as  noise  and  exhaust  pollution  requirements. 

I  POWLR  AND  OR  THRUST  LEVELS 

The  performance  data  provided  by  Engine  Manufacturers  and  approved  by  the  Airworthiness  Authorities  give  the 
power  and'or  thrust  produced  by  an  I  ngine  under  specified  conditions  (i.e.  intake  efficiency,  forward  speed,  atmospheric 
temperature)  when  operating  within  the  limitations  approved  for  the  defined  conditions  of  power  and/or  thrust  in  terms 
ot  Rl’M.  Torque  and  I  (T[ 

The  conditions  of  power  and'or  thrust  as  defined  in  the  two  sets  of  rules  under  examination  differ  to  some  extent 
and  the  following  differences  are  pointed  out. 

While  the  definitions  for  rated  maximum  continuous  power  and/or  thrust  do  not  differ  in  the  two  basic  codes  (for 
unlimited  period  of  time)  the  take  off  power  and/or  thrust  is  limited  to  5  minutes  duration  according  to  T'AR  33  and  can 
be  used  up  to  10  minutes  in  multiengined  aeroplanes  wl.-n  one  power  unit  lias  failed  according  to  BCAR  Sect  (\ 

According  to  both  codes  when  one  power  unit  has  failed  during  take  off  and  balked  landing  a  greater  power  setting 
can  be  used  in  addition  to  the  TO.  power  and/or  thrust  the  maximum  contingency  power  and  Air  thrust  (for  a  period  of 
2':  minutes)  IAR  33  however  allows  the  usage  of  the  2':  minute-,  level  for  the  augmented  thrust  case. 

Only  BCAR  however  introduce  the  definition  of  intermediate  contingency  power  and  'or  thrust  that  also  can  be 
applied  for  a  period  of  unrestricted  duration  when  one  power  unit  is  shut  down  (normally  higher  than  max  continuous 
power).  I  AR  33  speaks  of  30  minutes  power  rating  that  is  practically  the  same  level  of  power  as  above  but  limited  to  a 
period  of  30  minutes  (only  for  helicopter  engines)  Tor  single  engine  helicopter  BCAR  defines  in  lieu  of  take  off  power 
the  one  hour  power  condition 

2.  ENDURANCE  TEST 

I’ower  rating  based  upon  standard  atmospheric  conditions  with  no  airbleed  for  aircraft  services  and  with  only  the 
accessories  installed  necessary  for  engine  functioning  must  be  established  before  and  after  the  endurance  test  in  order  to 
reach  assurance  that  no  detrimental  change  has  occurred  in  respect  of  engine  performance  (calibration  tests). 

When  speaking  ol  endurance  test  one  may  think  of  a  typical  engineering  evaluation  based  upon  sound  practice  that 
stems  from  old  applied  philosophy  and  that  has  not  changed  much  through  the  years.  In  fact  this  basic  requirement  of 
the  certification  test  has  also  followed  the  engine  evolution  throughout  the  years.  Basically  every  endurance  testing  is 
directed  to  assess  the  extent  ol  wear  in  mechanical  parts,  the  impact  of  vibrations  and  effects  that  may  cause  distress  in 
the  hot  section  I  lie  conation  ol  the  endurance  tests  is  still  limited  to  I  50  hours  in  both  codes  plus  a  limited  amount  of 
hours  to  be  decided  by  the  Airworthiness  Authority 


In  tho  civil  I'ldil  there  are  examples  ol  endurance  testing  for  a  longer  period  of  time  li  e.  200  hours  ground  testing 
of  transport  helicopters)  hut  this  “magic"  figure  of  I  50  hours  that  dales  hack  to  old  piston  engine  practice  has  remained 
the  same  As  it  is  generally  recognized  a  factor  of  at  least  three  can  he  assumed  in  assessing  the  equivalent  life  of  an 
engine  in  flight  operation  that  allows  to  grant  the  engine  an  initial  overhaul  life  of  about  500  hours.  This  is  considered 
together  with  other  prescribed  specific  tests  for  every  aspect  of  the  certification  testing  to  be  sufficient  as  a  minimum 
level  of  acceptance  from  an  airworthiness  standpoint. 

It  the  Manufacturer  wishes  (universally  accepted  practice  today)  he  can  demonstrate  by  extensive  bench  testing  and 
endurance  cycles  much  greater  figures  for  the  initial  engine  overhaul  life.  Before  and  after  official  endurance  tests  the 
engine  running  according  to  the  established  or  more  severe  schedule  takes  place  very  extensively  to  meet  current  civil 
market  requirements 

An  important  lequirenient  was  recently  added  to  FAR  3.5  concerning  the  “overhaul  test"  defined  as  the  test  run  to 
simulate  the  conditions  in  which  the  engine  is  expected  to  operate  in  service,  including  start  stop  cycles.  The  period  of 
time  of  the  test  is  established  taking  into  account  limitations  on  operation  prior  to  the  first  overhaul. 

hollowing  the  aeronautical  progress,  requirements  have  been  continuously  improved  to  keep  pace  with  new  develop¬ 
ments  te  g  for  endurance  testing  of  dual  and  trispool  engines).  Special  requirements  have  then  been  added  for  supersonic 
engines  to  account  for  air  inlet  temperature  increase  during  testing,  for  thrust  augmenters  operation  and  variable  area 
exhaust  nozzles  operation 

If  one  compares  the  ty  pical  o  hours  block  tests  (6  x  25  =  150  hours)  of  BCAR  Sect  C  (JAR  “F")  and  FAR  33 
requirements  for  subsonic  aeroplane  turbine  engines  as  per  Figure  I  both  endurance  schedules  look  practically  the  same. 

However  the  2  hours  and  30  minutes  period  at  incremental  power  is  divided  into  15  steps  with  different  criteria 
with  respect  to  significant  peak  vibration  regimes.  According  to  BCAR  not  less  than  10  hours  (but  not  exceeding  50'-  of 
the  incremental  period)  shall  be  run  with  RPM  varied  continuously  in  the  critical  vibrational  range  while  FAR  33  quotes 
only  the  maximum  period  to  be  run  under  those  conditions  (also  50 7< ). 

On  the  same  Figure  I  the  corresponding  6  hours  block  for  gas  turbine  engines  for  helicopter  use  is  also  plotted  to 
indicate  the  differences  when  21 :  power  rating  or  30  minutes  power  rating  approval  is  requested.  No  attempt  is  made  to 
show  differences  with  corresponding  parts  of  BCAR  concerning  helicopter  turbine  engines  since  the  main  purpose  is  to 
discuss  aeroplane  engines  and  many  difference s  exist. 

Differences  exist  also  in  the  testing  program  on  the  thrust  reverser.  An  example  of  the  schedules  is  given  in  Figure  2 
and  Figure  3.  If  the  thrust  reverser  is  to  be  used  in  flight  additional  testing  is  required.  Generally  speaking  the 
equivalence  of  the  respective  testing  schedules  in  both  codes  is  considered. 

In  Table  I  a  comparison  is  presented  between  the  endurance  tests  of  a  turboprop  engine  plus  the  propeller  according 
to  FAR  33  and  BCAR  Sect  C 


3  STRtSS  AND  F  ATIGUt  ASPECTS  OF  ROTATING  PARTS 
3.1  Centrifugal  and  Thermal  Stresses 

Besides  the  requirements  concerning  the  proper  design  and  functioning  of  the  engine  control  system  that  must 
prevent  the  engine  from  exceeding  the  limitations  affecting  turbine,  compressor  rotor  structural  integrity,  the  require¬ 
ments  concerning  actual  stress  margins  of  rotors  are  somewhat  differently  laid  out  in  FAR  33  and  BCAR’s  Sect  C. 

According  to  F  AR  33.27(c)  only  the  turbine  and  compressor  rotor  sustaining  the  highest  operating  stresses  at 
maximum  limiting  RPM  (the  "heaviest")  must  be  tested,  while  according  to  BCAR  each  rotor  must  be  tested. 

T  he  test  schedules  ol  both  codes  are  in  Table  2 

l  or  a  period  of  5  minutes  and  at  maximum  operating  temperature  (except  for  test  No. 3)  the  rotor  must  be  tested 
according  to  FAR  33  In  addition  FAR  33. NS  requires  a  test  of  30  minutes  duration  with  gas  temperature  75°  F  higher 
than  the  maximum  operating  limit  on  the  complete  engine 

Following  each  test,  each  rotor  must  be  within  the  dimensional  limit  allowed  by  the  type  design  and  may  not  he 
cracked. 

BCAR  Sect  C  calls  lor  the  most  critical  temperature  conditions  that  the  turbine  rotor  can  attain  in  the  event  of 
failures  of  the  cooling  air  supply  but  is  less  specific  in  accepting  the  test  article  after  the  endurance  test.  It  appears 
that  the  requirements  for  centrifugal  stress  are  more  severe  in  BCAR  while  thermal  stresses  requirements  are  more 
stringent  in  I  AR  33  For  engines  equipped  with  a  tree  turbine  BCAR  requires  an  overtorque  test  for  I  5  minutes  to 
substantiate  a  20  seconds  limit  I  he  overtorque  is  assumed  at  the  maximum  engine  declared  overtorque  or  3'?  in 
excess  of  the  maximum  torque  of  the  engine  whichever  is  greater  No  corresponding  requirements  in  F  AR  33  exists. 


3  2  High  and  Low  Cycle  Fatigue  Aspects 

A  survey  ol  v  ihratory  stresses  of  rot  at  ing  parts  ( including  discs  and  shafts  together  with  blades)  represents  the  corner 
stone  ol  high  cycle  fatigue  life  assessment.  The  influence  of  air  inlet  distorsion  or  other  installation  related  aspects  te  g 
when  the  use  of  a  propeller  is  contemplated)  is  accounted  for  during  the  alternating  stress  survey  lor  the  purpose  ol 
measuring  the  peak  values  m  critical  parts.  I  AR  33  requires  all  stator  and  rotor  blades*  to  be  surveyed  but  only  to  103', 
of  masmuim  take  off  RPM  and  does  not  include  carcass  nor  fault  conditions  to  be  investigated  (according  to  U(  AR  105' 
of  Maximum  RPM  or  2  in  excess  of  maximum  overspeed  must  be  investigated  but  only  critical  blade  rows  are  selected  I 

I'lie  peak  amplitude  of  the  stressess  must  be  shown  to  be  below  the  endurance  limit  of  the  material  It  not.  lor  steel 
part  infinite  life  is  considered  as  attained  when  at  peak  amplitude  ol  the  stresses.  IS  million  stress  reversals  have  been 
sustained  without  fatigue  failure  by  the  test  specimen 

It  is  worth  to  note  that  notwithstanding  the  requirement  for  safe  life  demonstration  of  blading  both  codes  require 
also  blade  containment  capability  from  the  engine  case.  This  requirement  is  certainly  dictated  by  other  considerations 
than  purely  latiguc  aspects  (such  as  foreign  object  induced  damage)  but  certainly  represents  an  additional  safety  aspect 
when  embodied  into  the  engine  in  respect  of  damage  deriving  from  fatigue  failures  (see  I  able  3 ). 

3.3  Low  Cycle  Fatigue  (Start  Stop  Cycle)  (see  Figure  4) 

flic  average  non  containment  rate  from  all  causes  (world  wide)  is  I  per  I  O'’  aircralt  hours  (lairly  constant  value 
during  the  past  1 0  years).  Of  all  non  containments  about  half  involved  a  disc  failure  ol  which  about  1  /8  have  resulted  in 
the  release  of  debris  approaching  or  equal  to  a  third  of  the  disc 

Possible  alternate  solution  to  avoid  non  contained  failures  would  be  a  reduction  of  RPM.  while  a  reduction  ol  5'i  is 
meaningful,  in  respect  of  centrifugal  stresses  ( 1 0' ; ).  its  effect  on  engine  thrust  is  also  very  important .  On  the  other  hand, 
total  containment  except  for  small  engine,  is  not  a  feasible  solution  as  the  weight  penalty  is  too  high  (lor  an  engine  of 
20  ton  thrust  the  weight  of  the  shield  needed  is  of  the  order  of  50' ;  of  the  bare  engine  weight ). 

At  the  present  state  of  the  art  a  partial  containment  (e.g.  1 ,20  of  bladed  disc  mass)  is  a  possibility  and  research  is 
going  on  including  the  control  of  the  direction  of  crack  propagation  and  optimum  case  design  for  containment. 

Both  codes  require  an  operating  limitation  be  established  for  each  rotor  disc  and  each  rotor  spacer  of  the  compressor 
and  turbine  with  regard  to  the  number  of  start  stop  stress  cycles.  The  start  slop  cycle  is  then  defined  as  accelerai  lg  the 
engine  after  starting  to  its  maximum  rated  power  or  thrust  and  maintaining  the  power  setting  until  temperatures  are 
stabilized,  alter  which  the  engine  is  stopped  and  disc  and  spacer  temperatures  are  reduced  to  a  significant  amount. 

A  tactor  of  three  is  prescribed  by  FAR  33  between  the  service  life  assumed  and  the  number  of  cycles  tested  without 
failures.  An  increase  of  the  service  life  so  determined  can  be  granted  if  at  least  three  samples  of  the  discs  that  have  been 
operated  in  actual  service  through  the  service  life  are  tested  for  a  number  of  cycles  at  least  twice  the  requested  life 
increase. 

B(  AR  define  the  predicted  safe  life  as: 


y 


"Ni"  is  the  number  of  test  cycles  completed  at  the  test  rig.  "K"  is  a  test  factor  of  equivalence  between  test  cycles  and 
flight  cycles  in  terms  ol  fatigue  damage  and  "y"  is  the  scatter  factor  usually  taken  as  4. 

I  he  initial  value  of  the  service  life  should  be  established  on  the  test  available  data.  Since  the  program  does  not  cover 
all  possible  factors  w  hich  may  affect  the  lives  of  service  components  (corrosion,  fretting,  high  cycle  fatigue  stresses)  on  a 
new  engine  usually  I’  3  is  retained  always  less  than  5000  cycles. 

Higher  time  in  service  discs  can  then  be  subsequently  granted,  assisted  by  further  analytical  and  experimental  stress 
determination  on  components  in  order  to  increase  service  '*fe. 

Subsequent  service  life  increase  of  approximately  one  fourth  of  the  predicted  maximum  life  is  suggested. 

Both  criteria  adopted  for  the  establishment  of  disc  life  during  engine  certification  tests  appear  substantially 
conservative  However  present  criteria  certainly  need  further  improvements  in  respect  of  areas  such  as  statistical  analysis, 
fracture  mechanics  and  quality  control  (production  aspects). 


and  shafts 


4  I  OKI  U,\  OBJI  (  I  iNt.rsnoN 


4  I  Bird  Ingestion 

I  Ik-  piohlem  is  v v- r >  serious  as  indicated  In  available  service  data  ! mm  si-mti'  experience  ol  nearly  all  current 
sommcrciul  engines.  [Ik-  iruvsl  i<  •  n  .  >1  a  single  medium  si/e  bird  Kill  result  ill  damage  in  appro  vi  mutely  I  a !  ot  the 
incidents,  billowed  by  inflight  shut  down,  in  approximately  it)  ot  the  incidents 

I  oi  scum  ol  the  maior  coininerci.il  turbine  engines  the  average  shut  down  rale  due  to  bird  ingestion  is  less  than  one 
shut  down  lot  cure  1 1)1)  .000  ol  aircralt  flights  I  or  high  by  pass  ratio  turbot  an  the  rate  ol  engine  shut  down  billowing 
bird  ingestion  is  ipproxim.ilcly  <>  times  higher  than  lor  otliei  sesen  engines  considered,  but  service  experience  has  shown 
no  significant  hazard  on  those  engines 

Chances  to  have  shut  dow  n  due  to  medium  size  birds  on  two  engines  are  ol  the  order  of  1  per  million  aircraft  flights. 

I  he  maior  concern  about  those  data  is  that  the  absence  of  a  definite  inlet  area  relationship  since  the  proposed  linear 
relationship  between  inlet  area  ami  the  number  of  medium  birds  ingested  is  not  supported  by  available  statistical  data. 

for  small  aircralt  powered  by  smaller  engines  it  appears  that  the  small  bird  ingestion  is  also  a  problem  and  might 
provide  a  greater  hazard  than  the  medium  birds. 

I  he  following  classification  of  birds  and  relevant  type  tests  associated  with  them  is  taken  from  BCAR  Sect 
(JAR  "1  "ihut  is  corresponding  to  definitions  ot  FAR  3d 

/  urge  hir i/v  (those  having  4  lbs  ( 1  .X  kgt  of  weight  I 

It  is  required  that  ingestion  into  engine  does  not  give  rise  to  hazardous  conditions  to  the  aeroplane  as  a  result  ol 
the  damage  that  may  be  caused.  Impact  and  ingestion  are  assumed  to  occur  at  max  true  airspeed  in  service  up  to 
3500  m  of  altitude. 

Medium  birds  (those  having  l1:  lbs  (  .7  Kg)  of  weight) 

Small  bird v  (those  having  3  4oz.  (55  I  10  gr)  of  weight ) 

It  is  required  that  at  the  maximum  true  airspeed  during  climb  immediately  after  take  off  no  unacceptable 
immediate  or  ultimate  engine  performance  loss  occurs  nor  serious  increase  of  engine  operating  temperature  or 
deterioration  of  engine  handling  characteristics  and  no  dangerous  physical  damage  after  bird  strike  (see  Table  2l. 

4.2  Hail  and  Water  Ingestion 

l  lus  occurrence  is  now  being  handled  in  equivalent  fashion  by  both  regulations  (see  Table  3).  For  water  ingestion 
test,  introduced  to  cover  the  danger  of  damage  arising  from  casing  distortion  or  contraction  when  subjected  to  sudden 
chilling  effects  of  entry  into  heavy  rain  and  to  avoid  engine  flame  out.  both  high  power  test  and  low  power  conditions 
need  to  be  investigated.  BCAR  and  FAR  prescribe  both  an  ingestion  test  of  4”  water  concentration  of  the  intake  air  mass 
flow  at  flight  idle  speed  and  at  take  off  power  for  3  minutes.  No  unacceptable  reduction  of  engine  performance  should 
occur  after  water  ingestion  tests  nor  dangerous  mechanical  damage  or  deterioration  of  engine  handling  characteristics 
after  hail  ingestion  tests. 


5.  ENVIRONMENT  EFFECT 
5.1  Engine  Icing  Protection 

One  of  the  basic  decisions  of  the  JAR  Joint  Airworthiness  Committee  was  to  accept  FAR  35  Appendix  C  as  the 
hasie  icing  atmosphere.  The  engine  test  program  itself  does  not  actually  depend  on  the  atmosphere  definition  since  test 
conditions  are  defined  elsewhere  in  the  BCAR.  However  this  point  was  very  important  in  achieving  standardization.  I  csts 
on  both  codes  are  made  to  establish  that  the  engine  will  function  satisfactorily  when  operated  in  the  atmospheric  icing 
conditions  prescribed  in  FAR  35  Appendix  “C  without  unacceptable  (see  Figures  5 /< a )/( b )  and  (>/(a)/(h)): 

Immediate  or  ultimate  reduction  of  engine  performance 
Increase  of  engine  operating  temperature 
Deterioration  ol  engine  handling  characteristics 
Mechanical  damage 

However  guidance  contained  m  I  AA  Advisory  Circular  20  73  are  still  of  general  nature  and  tests  mentioned  cover 
only  testing  at  sea  level  under  static  conditions.  Flic  problems  of  surge  and  flame  out  occurring  after  ice  shedding 
however  have  caused  some  concern  for  JAR  in  flight  under  natural  icing  conditions  since  sea  level  testings  do  not  provide 
in  their  opinion  adequate  covering  Jests  have  to  be  conducted  with  representative  intake  and  propeller  (for  turboprops) 
since  intake  distortion  due  to  incidence  or  ice  formation  on  the  intake  and  propeller  must  be  taken  into  account  together 
with  shedding  ol  ice  into  the  engine  or  icing  of  engine  sensing  device  contained  in  the  intake. 


In  JAR  "I  "  ( BCAR  Sod  I  ho  following  table  is  presented  to  prescribe  repetitions  of  either 

2X  Km  Continuous./ 5  Km  Intermittent  Maximum  Conditions  for  30  minutes  conditions 

or 

(<  Km  Continuous/5  Km  Intermittent  Maximum  Conditions  for  10  minutes  conditions. 

file  test  points  have  been  indicated  within  figures  5/<a )/( b >  and  b/< a)/(b)  for  the  two  eases  mentioned  above  and  for 
the  It)  minutes  tests  respectively  at  T  O..  MC.  75',  MC,  50'!  MC  and  idle  according  to  AC  20-75. 

During  testing  two  minutes  delay  in  initiation  of  operation  of  ice  protection  systems  are  considered  representative 
to  demonstrate  that  engine  characteristics  are  not  unacceptably  affected. 

bach  test  should  be  run  at  minimum  power  declared  by  the  Manufacturer  and  at  the  end  of  the  specified  period 
the  engine  should  be  run  at  maximum  power  conditions  corresponding  to  test  altitude  to  demonstrate  any  effects  ol  ice 
shedding. 

5.2  Ground  Freezing  Fog  or  Freezing  Rain 

These-  conditions  are  a  problem  which  has  been  experienced  in  service  and  FAA  requires  a  separate  lest  with  an 
atmospheric  liquid  water  content  of  2.0  gr/m’  while  JAR  F  (BCAR  Sect  C)  requires  a  test  of  30  minutes  duration  at 
minimum  selected  KI’M  w  ith  an  atmospheric  liquid  water  content  of  .3  gr/m  ’ .  At  the  end  of  the  period  the  engine 
should  be  accelerated  at  Maximum  T  O.  power  without  suffering  unacceptable  damage  or  power  loss. 

5.3  Ice  Crystal  Conditions 

Sect  I  of  JAR  (BCAR  Sect  O  requires  additional  testing  for  engines  designed  with  reverse  flow  intakes,  or  having 
intakes  involving  considerable  changes  of  air  How  direction.  This  schedule  is  not  reported  here  for  sake  of  brevity. 

6  FAILURE  ANALYSIS 

The  failure  analysis  is  becoming  more  and  more  a  useful  tool  in  designing  aircraft  equipment  and  in  recent  years  also 
engine  requirements  have  been  updated  to  cater  for  this  basic  issue  that  certainly  had  a  great  role  in  assessing  safety  tor 
supersonic  aircraft  and  spacecraft.  Indeed  on  the  aircraft  side  the  method  has  been  applied  to  systems  for  a  great  number 
of  years. 

In  FAR  Part  33  a  requirement  (para  33.75)  is  laid  out  concerning  safety  analysis  and  calls  for  analysis  of  any 
probable  malfunction  of  single  or  multiple  failures  that  could  cause  the  engine  to: 

catch  fire 

burst  (penetrate  in  its  case) 

generate  loads  greater  than  those  specified  for  the  engine 

lose  the  capability  of  being  shut  down. 

The  intent  ot  this  requirement  is  to  give  in  engine  terms  (lie  interpretation  of  what  may  constitute  "hazard  to  the 
aeroplane"  and  this  often  cannot  be  judged  only  by  the  engine  Manufacturer.  It  has  been  generally  accepted  that  aircraft 
design  should  be  aimed  at  catastrophic  failure  rate  for  all  airworthiness  causes  not  exceeding  an  extremely  remote 
probability . 

An  event  having  an  extremely  remote  probability  to  occur  during  the  life  of  single  aircraft  becomes  a  remote 
probability  if  one  considers  the  number  of  hours  flown  during  the  lifetime  of  all  transport  aircraft  having  the  same  type 
of  engine.  I  bis  obliges  the  aircraft  Manufacturer  to  introduce  costly  modification  and  heavy  reinforcement  to  the  aircraft 
structure  to  withstand  disc  fragment  penetration  without  catastrophic  consequences  or  engine  fire.  The  present 
definition  of  remote  event  is  defined  as  an  event  having  about  10  *  probability  of  occurrence  while  a  very  remote  event  is 
associated  to  a  probability  in  the  10  *  I  O' 9  range.  Predictions  based  on  the  present  state  of  the  art  often  fell  short  of 
t.esign  goal  due  to  shortcomings  of  the  present  testing  methodologies.  It  is  recognized  that  the  probability  of  prime 
failures  of  certain  mechanical  rotating  parts  (e  g.  rotor  disc,  shaft )  cannot  be  estimated  in  numerical  terms. 

The  difficulty  of  the  problem  to  reproduce  during  fatigue  testing  of  engine  discs  the  loading  sequence  that  occurs  in 
real  operation  is  mainly  due  to  the  presence  of  the  blade  induced  stresses  together  with  centrifugal  and  thermal  effects. 

Tile  final  acceptance  of  the  level  of  safety  of  the  design  shall  be  based  on  "engineering  judgement  and  previous 
experience  combined  with  sound  design  and  test  philosophies"  according  to  BCAR  Sect  C  which  also  admits  an  absolute 
proot  is  not  possible  in  those  cases. 

Having  mentioned  the  first  difficulty  encountered  in  failure  analysis  we  shall  recall  Table  4  which  summarizes  the 
current  definitions  ot  the  events  as  per  BCAR  Sect  "C"  in  accordance  to  the  principle  "the  more  dangerous  the  less 
probable” 
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ll  iv  very  important  in  mention  1  li.it  (In-  failure  analysis  includes  investigation  of  all  manual  ami  automatic  engine 
controls  cooling  sy  stems.  gas  temperature  control,  engine  governor,  ovcrspecd  limiters,  llirusl  reverses  (or  propeller) 
system  ele  When  the  espeeteil  failures  can  he  ol  ilorinient  type  important  conse<|nenees  are  drawn  with  respect  to  the 
m.imlcnunvv  controls  and  related  check  periods.  In  many  cases  failure  analysis  will  depend  on  installation  conditions 
and  it  is  very  ditlicult  to  define  when  the  Engine  Manufacturer  responsibility  ends  in  certain  cases. 

I  lie  failure  analysis  when  significant  doubts  esist  on  the  ellect  of  failures  and  likely  combination  o|  failures 
Imchiding  induced  lailures)  lias  to  be  substantiated  by  tests  when  a  hazardous  consequence  is  suspected  (e.g.  ellect  ol 
unbalance  arising  from  a  large  blade  failure  or  bearing  failure). 

i  he  "tall  out"  ot  the  lailurc  analysis  are  also  very  important  and  invest  together  witli  areas  strictly  related  to  engine 
design  and  quality  control  ol  manufactured  parts  and  equipments  also  different  areas  such  as  engine  operating  instruc¬ 
tions  t crew  emergency  procedures)  and  as  indicated  before  maintenance  procedures  and  checks  intervals. 


7.  UN AL  REMARKS 

After  reviewing  the  differences  between  the  two  sets  of  rules  in  some  important  areas  we  wish  to  point  out  that 
many  of  them  can  be  attributed  more  to  specific  choice  dictated  by  arbitrary  will  than  to  technical  reasons. 

It  is  difficult  to  establish  where  in  most  cases  the  best  solution  is.  In  fact  the  willingness  to  work  toward  a  common 
set  ol  rules  could  simplify  the  task  of  achieving  standardization  in  the  future.  Some  other  aspects  of  final  engine  approval 
arc  also  existing  which  presently  are  handled  as  separate  issues  from  basic  airworthiness  certification.  Their  importance 
is  a  relatively  recent  addition  to  the  general  framework  of  engine  certification  due  to  environment  requirements  such  as 
noise  and  exhaust  emissions. 

As  an  example  we  will  recall  the  relevant  rules  to  he  followed  in  US  for  emission  control.  I'AA  has  issued  the 
Special  federal  Aviation  Regulation  (STAR)  27  to  ensure  compliance  with  aircraft  and  aircraft  engine  emissions  standards 
and  related  test  procedures  issued  by  the  Environment  Protection  Agency  (EPA)  under  Part  HI.  EPA  Part  87  covers 
together  with  engines  of  new  design  still  to  be  certificated  also  engines  in  operation  (such  as  Pratt  &  Whitney  JT3D  and 
J  I  kl)  families)  EPA  rules  define  the  "SMOKE  NUMBER”  together  with  Hydrocarbons,  Carbon  Monoxide  and  Nitrogen 
Oxide  percentage  in  weight  not  to  be  exceeded  for  engine  exhaust.  The  main  impact  of  those  requirements  affect  the 
(  ombustor  design  of  the  engine. 

As  far  as  noise  control  is  concerned  the  situation  is  less  clear  for  gas  turbine  engines  since  existing  noise  rules  (ICAO 
Annex  l(>  and  EAR  3(>  in  the  US)  apply  only  to  aircraft  in  (light  defining  the  noise  levels  not  to  be  exceeded  at  the  three 
measuring  points  as  a  function  of  the  maximum  weight  of  the  aircraft.  However  the  most  important  noise  source  of 
aircraft  noise  can  still  be  identified  in  engine  noise.  The  noise  standards  have  had  a  strong  impact  in  the  latest  generation 
ol  engines  and  will  continue  to  greatly  influence  the  overall  design  of  future  engines.  Drastic  reductions  of  engine  noise 
have  been  achieved  through  new  design  of  compressors.  Ians,  nozzles  and  engine  sound  proofing. 

In  order  to  reach  the  best  design  compromise  the  Manufacturer  performs  noise  surveys  on  a  test  stand  with  the 
complete  engine  but  no  official  confirmation  of  final  results  is  given. 

if  one  looks  at  the  airworthiness  implications  of  all  environmental  aspects  the  basic  issue  which  appears  evident  is 
that  every  structural  modification  requirement  to  basic  engine  components  dictated  by  environment  rules  should  be 
embodied  in  the  engine  configuration  that  will  undergo  airworthiness  certification  testing.  If  not.  costly  repetition  of 
certification  tests  will  take  place  and  will  be  unavoidable.  Obviously  the  test  article  should  he  fully  representative  of 
final  engine  configuration  (Type  Design). 

I  lie  test  schedule  should  include  the  overall  and  comprehensive  overview  ol  all  tests  needed  before  final  engine 
approval  (not  only  airworthiness  certification),  flic  proper  succession  ol  relevant  official  tests  should  therefore  he 
planned  with  the  aim  to  establish  the  link  between  environmental  requirements  and  airworthiness  testing 
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TABLt  I 

Turboprops  Endurance  Test 
(Engine  Propeller  Combination) 


/  I  I  Schedule  CAA  Schedule 


1  50h  1  ndurance  test  on  engine  fitted  with 

I50h  Endurance  test  on  engine  fitted  with 

propeller  (variable  pitch) 

propeller  (variable  pitch) 

Feathering 

Feathering 

85  cycles 

50  cyclces 

Reverse  Pitch 

Reverse  Pitch 

1  75  cycles  of  30"  each  from  idle 

200  cycles  of  reverse  Imin  fine  pitch  then 

25  cycles  of  30"  each  from  MC  power 

returning  to  coarse  pit v  li  o!  1*  each 

Negative  Torque  and  Thrust 

Overspeed 

25  cycles  from  MC  power 

10' at  max  KPM  +  5  , 

TABLt  2 


IAK  .f.i 


120  '  ol‘  maximum  limiting  KI’M 

(rotors  equipped  with  blades  or 
weights) 

I  I  5’ .  of  maximum  limiting  KI’M 
if  on  engine 

I  20' ■  of  KI’M  (while  cold  spinning) 

at  which  max  temperature  and  KI’M 
induced  the  same  stresses 


IK  A  K  Sect  C 

I  25't  of  maximum  speed  (  KPM  )  to  he 
approved 

I  10  '/>  of  highest  speed  (KI’M) 

resulting  from  engine  component 
failure  or  system 

I05'<  of  highest  speed  (KI’M)  resulting 
from  engine  component  failure  + 
other  failure  (that  cannot  be 
detected  by  crew) 


TABLE  3 


/'urchin 

Object 

Quantity 

Speed 

Idtyine  Operation 

Small  birds 

3  0/ 

One  per  0.0032  m2  of  inlet  area  and 
fraction  thereof  up  to  max  lb 

Lift  off  speed 

Take  off 

Medium  birds 
1.5  lb 

One  per  0.2  m2  of  inlet  area,  additional 
one  per  each  0.65  m2  up  to  max  K 

Initial  climb  speed 

Take  off 

Big  birds 

4  lb 

1 

Maximum  climb  speed 

Maximum  cruise 

Ice 

Qty  accumulated  after  30  seconds  delay 

Sucked  in 

Maximum  cruise 

Mail 

II  inlet  area  <  100  in2 

One  hailstone  of  1  in 

If  inlet  area  >  100  in2 

One  hailstone  of  1  m  and  one  2  in 
hailstone  for  each  additional  150  in2 

Rough  air  speed 

Maximum  cruise  at  15000  ft 

Water 

8';  weight  ol  engine  airflow 

Sucked  in 

l  ake  off  and  flight  idle 

Broken 

heaviest 

compressor 

or  turbine 
blade  («()'. 
ol  the  blade ) 

One 

Sucked  in 

( fan  can  be  tested 

separately) 

at  take  off 

1 5  seconds  delay  before 
shut  down 

Mixed  gravel 

1  o/  per  each  100  in2  ol  inlet  area 

Sucked  in 

t  ake  off 

(over  1  5  minutes  period  ) 

TABLL 4 

(1  rom  BCAR  Seel 


/  !/>('  III 

/  rpe 

Rrohahilitv 

Estimated 

lailurc 

llininr 

Engine 

of 

:>i 

I- inure 

Analysis 

■f 

failures 

li'.CIII 

Oeeurrenee 

Systems 

"Sale’'  engine 

Minor  effect 

Reasonable 

It)  1  10  “/hour 

NO 

loss  :  *1  power 

I’rohahle 

Major  el'leet 

Remote 

It)'  10  7/liour 

Y!  S 

( .i )  Disc  failure 

lla/arilous 

I  Mrcmely 

It)  *  hour 

YIS 

remote 

t  b  i  I'hrust  in  opposite 

direction 

(e )  Inahiltty  to  shut 

down 

TABLt  5 


Other  Systems  Requirements  Comparison 


" 

Still /II 7 

EAR 

More  Severe 

IH  AR  Seer  ( 
More  Severe 

Comment 

Duplieate 

Ignition 

X 

BCAR  Permit  single  ignition 

Contaminated  Oil 

X 

P  AR  requires  testing  of  engines 
with  contaminated  oil 

Titanium  1  ires 

X 

BCAR  to  exclude  titanium 
stators  unless  compensation 
factors  are  provided 

Purity  of 

X 

BCAR  consider  it  pari  of  engine 

Bleed  Air 

certification 

Rubbing  ol 

X 

BCAR  requires  specifically  an 

Rotating  I’arts 

investigation  of  position  of  rubs 

1  quipnienl  Drives 

X 

BCAR  covers  failure  cases 

Tear  Down 

X 

TAR  requires  parts  to  conform  to 

Inspection 

type  design  and  manual  limits 

Shaft  !  ailures 

X 

BCAR  more  precise  in  requiring 

(( iear  Boxes  1 

demonstration  of  safety  in  failure 

case  or  defined  integrity. 

FAR  33  TYTICAL  6  HOI  uS  BLOCK 
AIRFLA’.T  TVRBIVE  E-CIN'ES 


‘'V 


M  I 
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Fig. 2  F'AA  thrust  reverser  endurance  test 


T.l.  B  som  OPHtATICF  APFSCm 
5  fBUTB  cr  OFBATIOI  AT  VAX  SETERSB  THRDST 

(5 of  o r  LArmna  thbost' 

»  30  CPfSATTOPS 


I  in  A  (  AA  thrust  reverser  endurance  test  (landing) 


STRESS-STRAIN  S-STRESS 


LIQUIC  WATEfr  CONTENT  -  s'm 


PHtCjUHfc  ALTITUOL  1000  ni 


CONTINUOUS  MAXIMUM  (SI  RATII  ORM  CLOUDS) 
ATMOSI'III  KIC  ICING  CONDITIONS 
AMBIENT  I  EMI'ERA  1  URL  VS  PRESSURE  ALTITUDE 


NOTE:  Source  ol  data  NACA  I  N  No  2569. 


I  if  urc  5tb) 


AMBIENT  TEMPERATURE 


LIQUID  WATfA  C*  WTENT 


i  i 


•  1 1ST  POINT  (JAR  I  ) 
x  II  SI  POINT  (AL  20-7.0 

INTERMITTENT  MAXIMUM  (CUMUL1FORM  CLOUDS) 
ATMOSPHERIC  ICING  CONDITIONS 
LIQUID  WATER  CONTENT  VS  MEAN  EFFECTIVE  DROP  DIAMETER 


NOTE:  Source  of  data — NACA  TN  No.  1855,  Class  II-M,  Intermittent  Maximum. 


Figure  Mat 


INTERMITTENT  MAXIMUM  (CUMULIIORM  CLOUDS) 
ATMOSPHERIC  ICING  CONDITIONS 
AMUILNT  TEMPERATURE  VS  PRESSURE  ALTITUDE 


NOTE:  Source  ol  dal  a  NAI'A  IN  No  250'). 
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DISCUSSION 


H.I.H.Saravanamuttoo.  (  arleton  Umv  .  Ottawa.  Canada 

Could  the  lecturer  please  amplify  on  tile  difference  between  transient  thrust  requirements  for  British  and  American 
certification?  It  should  he  noted  that  small  differences  in  the  definition  of  initial  and  final  thrust  settings  have  a 
major  effect  on  the  acceleration  time,  this  is  fundamentally  due  to  the  large  increase  in  rotor  time  constant  at  lower 
rotational  speeds  The  initial  setting,  therefore,  has  a  considerable  effect  on  the  acceleration  fuel  schedule,  which,  in 
turn,  affects  the  temperature  levels  and  cyclic  thermal  damage.  The  response  requirements  for  civil  and  military 
aircraft,  and  for  helicopters  and  fixed  wing  aircraft  are  quite  different  and  these  differences  must  he  considered  in 
specifying  response  rates 

Author's  Reply 

By  looking  to  the  two  sets  of  rules  considered  (within  the  Amendment  status  of  the  two  sets  of  rules  (as  per 
Bibliography  >.  five  (5 1  seconds  time  delay  is  a  common  requirement  for  the  acceleration  rate,  hut  I  must  confess 
that  this  important  item  was  not  included  in  the  list  of  items  considered  in  the  comparison  I  made. 
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SPECIFICATION  REQUIREMENTS  FOR  U.S.  FIGHTER  ENGINES 

by 

Martin  E .  De 1 1 
Naval  Air  Propulsion  Center 
P.O.  Box  7176 
Trenton,  New  Jersey  08628 


SUMMARY 


Military  Specification  MIL-E-5007D,  a  general  specification  for  the  development  of 
turbofan/turbojet  engines,  has  been  used  by  the  U.S.  Government  for  the  procurement  of 
new  engines  since  1973.  This  specification  was  tailored  and  applied  by  the  U.S.  Navy  to 
the  F404-GE-400  engine  (F-18  aircraft)  development  program. 

This  paper  briefly  discusses  the  military  general  specification  philosophy  for  the 
procurement  of  turbojet/turbofan  engines  using  MIL-E-5007D.  With  heavy  emphasis  on 
technical  requirements  and  assurance  tests  related  to  enqine  durability,  the  paper 
describes  (1)  improvements  in  MIL-E-5007D  over  previous  specifications,  (2)  experiences 
in  applying  MIL-E-5007D  to  the  F404  engine  development  program  and  (3)  assurance  test 
approaches  being  considered  for  a  revision  to  MIL-E-5007D. 


MIL-E-5007D:  U.S.  General  Military  Engine  Specification 
Description  of  the  General  Military  Specification  for  Aircraft  Engines 

The  U.S.  military  services  have  used  the  MIL-E-5007  military  specification  series 
for  turbojet/fan  engines  for  30  years  (similar  documents,  MIL-E-8593  series,  have  been 
used  for  turboshaft/prop  engines  for  25  years).  The  current  turbojet/fan  speci f i cation , 
MIL-E-5007D,  was  published  in  1973  (reference  1).  Typical  of  other  U.S.  military 
specifications,  the  document  is  divided  into  the  following  sections: 

1.  Scope 

2.  Applicable  Documents 

3.  Requirements 

4.  Quality  Assurance  Provisions 

5.  Preparation  for  Delivery 

6.  Notes 

Sections  3  and  4  represent  the  major  thrust  of  the  specification,  providing, 
respectively,  the  technical  requirements  and  the  veri f icat i on/val l da t i on  tests  required 
to  provide  reasonable  assurance  that  the  technical  requirements  have  been  achieved  by 
the  engine  contractor  prior  to  introduction  of  the  engine  into  service. 

Various  revisions  of  the  military  engine  specification  have  intended  to:  (1)  improve 
the  clarity  of  requirements,  (2)  be  more  reflective  of  engine  technology  advances,  (3) 
incorporate  lessons  learned"  from  problems  in  previous  engine  development  programs  and 
(4)  consider  improved  test  methods/approaches.  Each  revision  has  tended  to  result  in  a 
document  with  more  requirements  than  the  previous  version  and  increased  testing.  The 
military  general  engine  specification  forms  the  basis  for  specifying  the  technical 
requirements  and  assurance  tests  for  any  new  engine  development  program. 

Since  the  military  services  provide  the  engine  to  the  airframer  as  "government- 
furnished  equipment,"  the  specification  requires  the  engine  contractor  to  define  interface 
information  which  permits  the  airframe  and  engine  contractors  to  integrate  their  products. 
In  addition,  MIL-E-5007D  provides  performance,  functional  operation  and  structural/ 
durability  requirements.  Although  some  requirements  influence  the  engine  design,  the 
specification  generally  does  not  provide  specific  design  guidance. 

How  the  General  Specification  is  Used 

MIL-E-5007D  is  used  by  the  military  services  as  the  basis  for  specifying  the  engine 
requirements  in  any  new  engine  development  program  contract  negotiations.  The  specifica¬ 
tion,  as  published,  is  "general"  in  that  it  covers  numerous  requirements  for  the  engine 
contractor  to  describe  the  characteristics  and  features  of  his  engine  (e.g.,  the  control 
system  and  function  of  each  control  unit,  maximum  operating  limits,  interface  requirements 
with  the  aircraft).  The  military  services  are  also  required  by  the  specification  to 
provide  specific  direction  to  the  potential  engine  contractors.  Paragraphs  requiring  a 
military  service  (Using  Service)  input  usually  incorporate  such  phrases  as  "when  required 
by  the  Usj.ng  Service"  or  "as  specified  by  the  Using  Service."  When  the  engine  is  to  be 
developed  solely  for  a  particular  weapons  system  application,  the  Using  Service  tailors 
certain  requirements  to  that  specific  application  (e.g.,  the  5-hour  windmilling  requirement 
may  be  reduced  for  a  fighter  application,  requirements  to  operate  in  a  hostile  environment 
may  be  reduced  for  a  trainer  application,  etc.).  The  tailored  requirements  are  usually 
furnished  in  a  document  which  supplements  the  general  specification,  as  a  part  of  the 
Request  for  Proposal  (RFP) . 
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In  the  competition  phase  for  the  full  scale  development  program,  each  potential 
engine  contractor  is  required  to  submit  an  engine  model  specification  in  response  to  the 
general  specification  and  the  tailored  requirements  document.  This  model  speci f i cat  1  on 
is  written  in  the  format  of  the  MIL-F-5007D  general  specification  document  and  reflects 
the  contractor's  intent  to  comply  with  the  Using  Service's  requirements  or  provides  a 
vehicle  for  the  contractor  to  show  a  lesser  or  even  greater  offer  against  government 
requirements.  The  government  and  contractor  will  then  negotiate  requirements  which 
mutually  satisfy  each  party  considering  economic,  life  and  performance  trades.  The  final 
negotiated  model  specification  defines  the  end  product  which  will  eventually  be  introduced 
into  service,  and  becomes  a  major  contract  requirement  when  the  full  scale  development 
contract  is  awarded. 

During  the  engine  deve lopment  program,  verification  tests  may  uncover  problems  which 
the  contractor  cannot  overcome  within  the  funding,  time  and  technological  constraints  of 
the  program.  Where  these  problems  result  in  engine  capabilities  different  than  the 
originally  negotiated  requirements  (usually  reduced  capabilities)  the  contractor  may 
propose  requirement  changes  to  the  Using  Service  by  the  Specification  Change  Notice  (.JCN) 
process.  The  SCN  process  may  also  be  used  to  update  model  specification  information 
based  on  actual  test  results,  to  make  editorial  corrections  or  to  incorporate  new  technical 
requirements  desired  by  the  Using  Service.  Approval  of  an  SCN  by  the  Using  Service  for  a 
differert  requirement  or  capability  than  oriqinally  agreed  upon  may  result  in  a  negotiated 
financial  or  other  settlement  between  the  contractor  and  the  Using  Service. 


Improved  Military  Requirements 


The  requirements  of  MIL-E-5007D  have  formed  the  basis  for  the  development  of  the  new 
generation  of  U.S.  military  jet  fighter  aircraft  engines.  The  F404-GE-4D0  engine  (F/A-18 
aircraft)  model  specification  was  negotiated  against  a  Navy-tai lored  MIL-E-50O7D;  the 
F100-PN-100  (F-15/F-16  aircraft)  engine  speci f i cat i on  was  negotiated  by  the  Air  Force 
against  a  number  of  requirements  from  which  MIL-E-5007D  was  developed.  Since  the  F404 
engine  was  negotiated  directly  against  a  tailored  MIL-E-5007D  specification,  this  paper 
will  emphasize  the  requirements  for  this  engine  as  evolved  from  MIL-E-5007D. 


MIL-E-5007D  is  unquestionably  a  stronger  technical  document  than  its  predecessor, 
MIL-E-5007C  (reference  2),  published  in  1965.  New  requirements,  in  the  areas  indicated 
in  figure  1,  are  intended  to  better  define  the  engine  interface  characteristics,  and 
provide  a  more  safe,  maintainable  and  durable  engine  upon  completion  of  the  full  sc  ile 
development  program.  In  addition,  lubrication,  electrical,  starting  and  control  system 
requirements  are  more  specifically  defined  compared  to  MIL-E-5007C. 


The  structural  requirements  of  MIL-F-5007D  offer  some  of  the  most  important  changes 
from  MIL-E-5007C.  Structural  requirements  in  earlier  MIL-E-5007  documents  were  relatively 
nonexistent.  In  MIL-E-5007C,  requirements  were  added  for  containment  and  rotor  structural 
integrity,  fatigue  life  and  low  cycle  thermal  fatigue  life.  Durability  requirements  were 
stated  as: 


"All  metallic  or  para-metallic  parts  of  the  engine  shall  be 
designed  to  at  least  5000  hours  inherent  life  within  the 
environmental  conditions  specified  herein  and  within  the 
power  limits,  critical  speeds,  and  qualification  test 
schedules  specified  in  the  model  specification  and  the 
vibration  survey." 

Unfortunately,  no  test  or  verification  requirements  relative  to  this  requirement  were 
specified.  A  review  of  all  MIL-E-5007  speci f i cat ions  prior  to  MIL-E-5007D  shows  that  these 
documents  tended  to  emphasize  the  interface  and  performance  aspects  of  the  engine.  As 
borne  out  by  service  operation,  structural  problems  which  affected  safety,  operational 
readiness  and  durability  often  were  not  discovered  un*-il  new  development  engines  reached 
service.  Fortunately,  redesign  efforts  v">re  usually  successful,  but  these  efforts  delayed 
maturation  of  the  engines  during  the  production  process  and  caused  high  engine  life  cycle 
costs . 


In  1969,  the  U.E.  Air  Force  developed  a  structural  program  for  the  B-l  bomber  engine 
(F-101  engine).  Reference  3  states  that  this  program,  referred  to  as  ENSIP  (Turbine  Engine 
Structural  Integrity  Program) : 

"is  an  organized  and  disciplined  approach  to  the  structural 
design  analysis,  development,  production,  and  life  management 
of  gas  turbine  engines  with  the  goal  of  ensuring  engine  structural 
safety,  increasing  service  readiness,  and  reducing  life  cycle 
costs  through  substantially  reducing  the  occurrence  of 
structural  durability  problems  during  service  operations." 

The  details  of  this  program  are  beyond  the  scope  of  this  paper,  but  reference  3  provides 
a  good  explanation  of  ENSIP.  Most  of  the  structural  requirements  in  MIL-E-5007D  evolved 
from  this  program.  For  comparison  purposes,  the  structural  requirements  of  MIL-E-5007C 
are  summarized  in  Table  1  and  the  structural  requirements  of  MII.-E-5007D  are  summarized  in 
Table  2.  It  is  apparent  from  the  tables  that  MIL-E-50n7D  structural  requirements  are  much 
stronger  than  those  of  MII.-E-5007C. 


In  addition  to  the  increased  technical  requirements  of  MIL-E-5007D,  major  changes/ 
additions  were  incorporated  into  the  specification  for  quality  assurance  testing. 

Table  1  includes  the  structural  test  requirements  for  MIL-E-5009P  (reference  4),  the 
companion  specification  for  MIL-E- 50070 ,  which  provided  the  engine  test  requirements 
prior  to  the  development  of  MIL-E-5007D.  Table  2  includes  the  structural  test  requirements 
for  MIL-E-50P7P.  The  following  tests  which  influence  structural  design  were  also 
introduced  into  MTL-E-5007D : 

1.  oil  flow  interruption  -  operate  30  seconds  without  oil 

2.  Oil  reservoir  pressure  -  cyclic  pressure/fatigue  and  proof  pressure  tests 

3.  Fire  -  fire  tests  of  flammable  fluid  lines,  fittings,  components 

4.  Ice  ingestion  -  hail  and  sheet  ice  ingestion  tests 

5.  Generator/alternator  -  overspeed,  load,  containment 

6.  Foreign  object  damage  -  operate  with  a  stress  concentration  factor  of  3  applied 
to  three  first  stage  blades 

The  qualification  endurance  test  has  always  been  considered  the  final  "proof"  that 
an  engine  possessed  sufficient  durability  for  initial  service  use.  (Unfortunately,  for 
fighter  and  attack  aircraft,  this  initial  service  use  often  amounted  to  only  350  hours 
before  engine  hot  section  problems  occurred.)  Table  3  provides  a  comparison  of  the  major 
features  of  the  MIL-E-5009D  and  MIL-E-5007D  qualification  endurance  tests.  Each  endurance 
test  engine  in  the  MIL-E-5007D  program  is  required  to  undergo  a  300-hour  test  composed  of 
50  6-hour  cycles  similar  to  the  MIL-E-5009D  cycles.  By  doubling  the  MIL-E-5009D  150-hour 
test,  the  new  endurance  test  has  more  than  doubled  engine  exposure  to  both  high  internal 
gas  temperatures  and  cyclic  operation.  The  increased  hot  time  and  cyclic  operation 
required  by  MIL-E-5007D  test  is  believed  to  better  simulate  service  operation.  The  number 
of  required  starts  has  been  nearly  doubled,  also.  The  increased  time  at  high  temperature 
and  increased  cyclic  operation  for  the  MIL-E-5007D  quali f ication  endurance  test  is  expected 
to  cause  engine  contractors  to  utilize  new  or  alternate  design  methods  to  be  assured  of 
passing  this  more  realist_c  test,  with  the  result  that  a  more  durable  product  will  be 
introduced  into  service. 

In  addition  to  the  increased  structural  test  requirements  of  MIL-E-5007D,  other 
engine  and  component  tests  have  been  added  to  the  quality  assurance  program.  Previously, 
many  of  these  tests  had  been  run  as  "good  engineering  practice"  by  the  contractors. 
MIL-E-5007D  has  merely  formalized  these  tests.  Excluding  the  new  structural  tests,  these 
new  formal  tests  include  a  Pre-Flight  Rating  altitude  test  (formerly  included  as  a 
contractual  requirement),  and  armament  gas  ingestion,  exhaust  emissions,  radar  cross- 
section  and  generator/alternator  tests. 

Other  details  on  the  various  engine  and  component  tests  required  for  U.S.  military 
engines  are  available  in  MIL-E-5007D,  and  are  far  too  extensive  to  discuss  here. 

Increased  Testing 

Engine  contractors  have  indicated  their  concern  with  the  number  and  length  of 
formal  tests  required  by  MIL-E-5007D  compared  to  previously  used  general  specifications. 

The  Aerospace  Industries  Association  pointed  out  in  reference  5  that  the  number  of  engine 
and  component  qualification  tests  had  increased  from  22  to  44,  and  test  time  had  increased 
from  543  to  830  hours.  The  figure  of  830  hours  did  not  include  time  required  for  LCF 
testi ng,  too . 

The  U.S.  military  services  recognized  that  MIL-E- 5007D  would  require  more  extensive 
formal  testing  than  MIL-F—5009D.  It  was  also  recognized  that  engine  contractors  tended 
to  design  to  pass  these  quality  assurance  tests,  and  many  of  the  technical  requirements  in 
MI L-F- 5007c  were  possibly  being  overlooked  because  tests  were  not  required  to  verify  them. 

As  discussed  earlier,  assurance  of  a  more  durable  product  upon  introduction  into  service 
requires  more  complete  (and  cost-effective)  structural  verification  testing.  Considering 
that  past  engine  development  programs  have  generally  required  approximately  10,000  engine 
test  hours,  including  both  formal  and  contractor  in-house  tests,  the  increased  assurance 
testing  in  MIL-E-5007D  substituted  for  contractor  in-house  tests  is  expected  to  provide 
more  productive  test  hours  for  the  development  program. 

F404-GE-400  Engine  Development 

The  F404-GE-400  engine  has  been  developed  generally  against  the  structural  requirements 
of  MIL-E-5007D  and  required  to  pass  the  specified  structural  tests.  Table  4  indicates 
the  structural  tests  and  analyses  required  in  the  F404  engine  model  specifications. 

In  addition  to  the  structural  tests  required  by  MIL-E-5007D,  the  F404  engine  was 
contractually  required  to  complete  other  endurance  tests  consistent  with  Navy  engine 
development  milestones  introduced  in  1974.  These  milestones  will  be  discussed  more  fully 
later,  but  they  include  a  Low  Production  Release  (LPR)  milestone,  which  replaced  the 
qualification’  milestone  term,  and  a  High  Production  Release  (HPR)  milestone.  (In  the 
following  discussion  of  the  F404  engine  program,  the  term  "qualification"  will  be  used 
vice  "LPR"  to  reflect  MIL-E-5007D  terminology.)  The  additional  contractual  tests  resulted 
m  the  accumulation  of  well  over  2000  total  hours  of  enqine  simulated  mission  endurance 
testing  and  well  over  2000  total  hours  of  engine  accelerated  mission  testing. 
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The  following  paragraphs  concerning  the  F404  engine  development  program  will  show 
the  results  of  applying  the  MIL-E-5007D  structural  requirements  to  the  program.  They 
will  show  that  problems  were  uncovered  which  otherwise  might  not  have  been  revealed 
until  the  engine  reached  service.  Obviously,  a  good  development  program  is  intended  to 
uncover  and  correct  problems  in  advance  of  service  operation.  It  will  also  be  shown 
that  substantiation  and  verification  tests  proved  that  computer  programs,  in  some  cases, 
did  not  adequately  predict  stresses  expected  under  operational  conditions,  and  allowed 
corrections  to  be  made  in  a  timely  manner.  The  total  engine  development  program  has 
provided  both  the  Navy  and  the  engine  contractor  with  more  complete  engineering  information 
than  any  previous  Navy  engine  program.  This  information  will  be  useful  in  analyzing 
possible  engine  problems  in  service  in  the  future. 

Description  of  the  Engine 

Prior  to  a  discussion  of  the  F404-GE-400  engine  structural  integrity  program,  a 
brief  description  of  the  engine  is  appropriate.  The  engine  (see  figure  2)  is  a  low  bypass, 
augmented  type  with  a  3-stage  fan,  7-stage  hiqh  pressure  compressor  (each  driven  by  a 
1-stage  turbine),  a  throughflow  annular  combustor  and  an  afterburner.  The  inlet  guide 
vanes  of  the  fan  and  the  stator  vanes  of  the  first  three  stages  of  the  high  pressure 
compressor  are  variable.  Continuous  fan  bypass  air  is  provided  to  the  fully  modulating 
afterburner.  Five  bearings  support  the  rotors.  The  engine,  manufactured  by  General 
Electric  Company  (GE) ,  has  a  thrust-to-weight  ratio  in  the  8:1  class  and  provides 
maximum  thrust  in  the  16,000  pound  class. 

Low  Cycle  Fatigue 

For  qualification  purposes,  the  hot  parts  tested  against  the  specification  low  cycle 
fatigue  requirements  were  the  1-stage  high  pressure  turbine  (HPT)  disk,  1-stage  low  pressure 
turbine  (LPT)  disk,  combustor  casing  and  afterburner  casing.  The  parts  were  required 
to  complete  the  equivalent  of  1750  sea  level  static  LCF  cycles  (each  cycle  defined  by  a 
start- IRP-stop)  to  satisfy  the  MIL-E-5007D  LCF  general  requirement  for  fighter  engines. 

The  parts  were  run  in  various  engine  builds  and  tested  using  Accelerated  Mission  Test  (AMT) 
cycles  to  accumulate  the  equivalent  of  1750  I'F  cycles.  The  AMT  cycle  was  developed  to 
relate  to  the  major  cyclic  and  high  temperature  operation  expected  by  the  F404  engine  in 
the  F-18  aircraft  in  service.  Each  AMT  cycle,  designed  to  a  time  period  of  36  minutes, 
equated  to  one  full  LCF  cycle  and  nine  full  thermal  cycles  (idle  -  at  least  95  percent 
IRP  -  idle)  and  accelerated  service  operation  by  3.33:1.  The  nine  partial  cycles  for 
each  AMT  cycle  were  equated  analytically  to  an  equivalent  number  of  full  LCF  cycles  to 
accumulate  the  required  1750  full  LCF  cycles  for  each  disk  and  casing  tested.  The  LPT 
disk  assemblies,  the  HPT  disk  assemblies  and  the  afterburner  casing  successfully  met  the 
LCF  requirement  without  incident. 

A  combustor  casing  completed  4785  equivalent  start-stop  cycles,  but  exhibited  a 
snail  crack  (0.2  in.  max.  length)  at  each  of  six  strut  outer  leadinq  edges.  Unfortunately, 
the  casing  had  not  been  disassembled  for  inspection  after  the  required  1750  start-stop 
cycles  because  a  major  disassembly  would  have  been  required  and  there  was  a  desire  to 
accumulate  time  rapidly  on  other  engine  parts  in  the  test  vehicle.  The  records  of  nine 
other  casings  were  examined  to  determine  if  these  cracks  were  a  common  problem.  One 
casing  had  no  cracks  at  1916  cycles,  one  had  a  crack  at  1205  cycles  and  all  others  had 
no  cracks,  although  none  had  accumulated  more  than  1105  start-stop  cycles. 

As  a  result  of  this  investigation,  GE  ran  a  comprehensive  thermal  gradient  test  of 
the  entire  casing  and  updated  its  stress  model  to  more  accurately  reflect  the  true 
stresses.  Because  crack  propagation  appeared  to  progress  minimally  after  initiation  and 
offered  no  problems,  the  combustor  casing  was  considered  qualified  by  the  Navy. 

The  3-stage  fan  rotor  and  3-stage  forward  compressor  rotor  assemblies  successfully 
completed  3500  start-stop  cycles,  as  required  by  the  specification,  in  spin  pit  tests 
conducted  at  the  Naval  Air  Propulsion  Center  (NAPC).  It  was  estimated  by  the  contractor 
that  in  4000  hours  of  expected  F-18  aircraft  service  operation  the  F404  engine  would 
accumulate  approximately  2000  start-stop  cycles.  Considering  that  the  fan  rotor  and 
forward  compressor  assemblies  were  designed  for  a  4000-hour  life,  the  components  were 
tested  to  nearly  two  times  their  design  lives  relative  to  start-stop  cycling. 

Upon  agreement  by  the  Navy  and  GE,  spin  pit  testing  of  the  assemblies  was  continued 
past  the  3500  cycle  specification  requirement.  After  6518  cycles  the  fan  first  stage 
disk  failed;  the  contractor  had  expected  the  fan  assembly  to  reach  10,000  cycles  without 
failure.  The  high  pressure  compressor  assembly  successfully  completed  14,000  cycles. 
Although  the  compressor  assembly  met  the  specification  requirement,  the  contractor 
redesigned  the  first  stage  fan  disk  to  provide  increased  LCF  life. 

To  gain  more  information  on  the  LCF  life  of  the  engine  rotating  parts,  an  extensive 
component  test  program  is  currently  in  progress  at  GE  and  NAPC.  Demonstrations  of  three 
times  the  expected  1000-hour  mission  requirements  are  planned. 

Engine  Pressure  Vessel/Case  Design 

A  combustor  casing  was  subjected  to  a  pressure  of  two  times  its  maximum  operating 
pressure  without  rupturing  to  meet  the  specification  requirement.  The  pressure  was 
increased  to  2.22  times  the  maximum  operating  pressure  before  slight  local  yielding 
occurred  at  a  stress  concentration  point. 
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Strength  and  Life 

A  detailed  strength  and  life  analysis  was  performed  by  < '  1  during  the  Pre-Flight 
Rating  Test  (PFRT)  and  Qua  1 1  f  1  eat  l  on  Test  f  Ji  )  programs.  Most  part:;  were  considered 
adequately  designed  to  meet  expected  F-1R  aircraft  se r v  1  ce/r  1  ss  1  on  life  requirements 
relative  to  stress  rupture,  fracture  mechanics  and  low  cycle  fatigue.  However,  the 
analysis  during  the  PFRT  phase  showed  that  the  stage  1  fan  disk,  stage  1  fan  disk,  aft 
fan  shaft,  inner  balance  piston  seal,  high  pressure  turbine  nozzle  and  combustor  would 
not  meet  desired  LCF  life  requirements.  As  a  result  of  the  analysis,  the  stage  1  ’ 
disk,  stage  3  fan  disk  and  aft  fan  shaft  were  redesigned  by  GE  for  introduction  later  n 
the  development  program.  Analysis  showed  that  the  HPT  nozzle,  supposedly  designed  for  a 
500-hour  life,  would  show  cracks  after  350  hours,  but  was  not  expected  to  require  repair 
until  500  hours.  Based  upon  successful  testing,  OF  later  changed  nozzle  life  predictions 
to  1000  hours.  The  combustor,  designed  for  1000  hours,  was  analytically  predicted  to 
exhibit  crack  initiation  at  540  hours,  but  these  cracks  were  not  considered  by  GE  to 
limit  the  combustor  service  life  (without  repair)  to  less  than  1000  hours. 

The  updated  strength  and  life  analysis  during  the  QT  phase  supported  the  earlier 
PFRT  analysis  and  also  showed  deficiencies  in  the  HPT  disk,  LPT  disk  and  LPT  forward 
seal  based  on  the  materials  being  used  for  the  early  flight  test  engines.  The  QT  analysis 
showed  that  these  parts  fell  short  of  the  minimum  LCF  design  life  of  4000  hours  required 
for  expected  service  operation.  Material  changes  for  production  hardware  were  expected 
to  correct  these  LCF  deficiencies. 

The  QT  Strength  and  Life  report  established  the  LCF  test  duty  cycle  and  duty  time 
required  for  an  AMT  required  by  the  F404  engine  contract.  As  discussed  earlier,  a 
36-minute  cycle  was  developed.  For  the  AMT,  2000  of  these  36-minute  cycles,  or  1200 
hours  of  test  operation,  were  considered  equivalent  to  4000  hours  of  expected  F-18 
aircraft  service  operation.  Later  the  contractual  AMT  was  changed  to  a  600-hour  test. 

The  number  of  thermal  cycles  in  each  36-minute  segment  of  the  test  was  increased  from  9 
to  12,  producing  an  acceleration  factor  considered  to  be  at  least  4:1. 

Finally,  the  strength  and  life  reports  analyzed  expected  creep,  or  stress  rupture, 
usage  by  the  engine  parts  relative  to  4000  hours  of  expected  service  usage.  The 
fractional  life  used  by  each  critical  part  for  the  time  spent  at  the  various  power 
settings  was  calculated;  no  major  problems  were  uncovered  by  this  analysis. 

As  part  of  the  strength  and  life  analysis  program,  a  vibration  and  stress  analysis 
was  performed  during  the  PFRT  phase.  The  vibratory  characteristics  of  the  fan,  compressor 
and  turbine  blades  were  analyzed  to  check  their  mechanical  design  adequacy.  The  airfoils 
were  examined  by  the  GE  TWISTER  BLADE  OR  MASS  computer  programs.  The  dovetail  attachments 
were  evaluated  by  GE  using  their  SINGLEHOOK,  MULTI-TANG  or  ROTOR  programs.  The  analysis 
showed  that  vibratory  characteristics  (vibration-stress  distributions,  critical  frequencies, 
vibration  modes,  etc.)  were  within  acceptable  design  limits. 

To  verify  the  vibration  and  stress  analysis,  an  engine  test  was  conducted  with  the 
rotors  intentionally  unbalanced  to  at  least  their  maximum  limits.  The  test  concentrated 
on  examining  vibration  and  stress  levels  of  shafts,  bearings,  some  disks  and  other 
critical  components  using  accelerometers  and  strain  gages.  Spectrograms  were  developed 
for  both  velocity  and  acceleration.  Engine  running  consisted  of  starts,  slow  accelerations 
and  decelerations,  chops  and  bursts.  The  tests  showed  that  all  vibration  and  dynamic 
stress  levels  were  below  maximum  allowable  levels.  In  addition,  the  test  history  of  the 
number  1  and  3  thrust  bearings  was  reviewed  to  provide  further  assurance  that  bearing 
thrust  loads  were  consistent  with  life  expectations. 

Another  engine  vibratory  test  was  conducted  to  concentrate  on  bearing  loads  and 
rotor  deflections  for  an  engine  dynamically  equivalent  to  the  qualification  engine. 

No  unforeseen  major  problems  were  discovered,  although  it  was  known  early  in  the  F404 
engine  development  program  that  there  might  be  some  risk  associated  with  the  number  4 
roller  bearing.  As  a  result  of  high  vibrations  during  early  F404  engine  testing,  the 
bearing  clearances  were  tightened.  This  led  to  excessive  edge  loading  and  reduced  bearing 
life.  Number  4  bearing  failures  occurred  in  the  development  program  despite  attempts  to 
provide  minor  corrections  to  design/assembly  of  the  bearing.  Finally,  a  larger  bearing 
(same  outside  diameter,  but  smaller  inside  diameter)  was  designed  and  was  being  tested 
at  the  tine  this  paper  was  written. 

Creep 


A  creep  analysis  showed  that  the  creep-limited  components  of  the  engine  would  not 
exceed  their  0.2  percent  creep  limits  for  the  desired  mission  lives  of  the  parts  (4000 
hours  for  most  parts).  For  the  turbine  blades,  their  rupture  lives  were  required  by  GE 
to  exceed  their  stated  mission  lives  (500  hours  predicted  at  that  time  for  HPT  blades  and 
1000  hours  for  LPT  blades) :  the  analysis  showed  that  the  mission  lives  would  indeed  be 
exceeded  by  the  rupture  lives.  For  information,  the  predicted  lives  of  the  HPT  blades 
were  extended  to  1000  hours  later  in  the  program  due  to  successful  testing. 

The  150-hour  qualification  endurance  test,  to  be  discussed  later,  was  also  used  as 
a  basis  for  assuring  that  creep  would  not  be  a  major  engine  problem.  For  the  high  pressure 
turbine  blades,  the  150-hour  qualification  endurance  test  was  considered  a  severe  test, 
since  the  blades  were  supposedly  designed  for  500  hours  and  the  150-hour  qualification 
endurance  test  required  afterburner  and  intermediate  power  operational  time  well  above  the 


total  high  temperature  tune  expected  in  ‘>00  hours  of  service  operation.  For  parts 
desiqned  for  4000  hours,  the  150-hour  test  was  not  considered  severe.  All  engine  parts 
successfully  completed  the  150-hour  qualification  endurance  test  without  excessive  creep. 

Containment 

Containment  tests  were  conducted  during  the  qualification  phase  of  the  program  for 
the  fan  module,  high  and  low  pressure  turbines  and  forward  compressor  rotor  assembly. 

In  each  case,  one  of  the  highest  energy  stage  blades  was  notched  in  the  airfoil  just  above 
the  attachment  platform  to  cause  failure  at  maximum  allowable  transient  speed.  The 
casinqs  successfully  contained  the  damage  resulting  from  each  blade  failure. 

Rotor  Integrity  -  Overtemperature  and  Overspeed 

During  the  PFRT  phase,  the  engine  was  tested  to  satisfy  the  specification  over¬ 
temperature  requirement  of  five  minutes  operation  at  a  T^H  temperature  (low  pressure 
turbine  inlet  temperature  measured  at  the  engine  electrical  harness)  of  75°F  above  the 
maximum  allowable  steady-state  temperature.  Roth  the  fan  and  gas  generator  rotors  were 
required  to  operate  at  or  above  the  maximum  speed  limits.  The  test  was  conducted  for 
five  hours,  15  minutes,  at  or  greater  than  the  specification  required  conditions.  No 
damage  was  sustained  and  engine  part  dimensions  were  within  acceptable  limits. 

Compressor  and  fan  rotor  assemblies  were  operated  in  NAPC  spin  pits  to  meet  the 
specification  overspeed  requirements.  They  were  required  to  operate  for  five  minutes 
at  a  speed  simulating  115  percent  of  maximum  allowable  engine  steady-state  speed  at  the 
corresponding  disk  metal  temperatures.  The  disks  were  actually  run  at  speeds  higher  than 
115  percent  to  compensate  for  conducting  the  spin  pit  tests  at  room  temperature  rather 
than  at  the  appropriate  disk  metal  temperatures. 

Neither  the  fan  or  compressor  had  to  repeat  the  overtemperature  and  overspeed  tests 
for  qualification  because  the  PFRT  and  QT  parts  were  similar.  The  fan  stage  1  disk, 
stage  3  disk  and  fan  aft  shaft  were  improved  for  LCF  life  during  the  qualification 
phase  of  the  program,  but  the  production  parts  were  expected  to  have  at  least  the  same 
overtemperature  and  overspeed  capabilities  as  the  PFRT  parts. 

Disk  Burst 

Disk  burst  tests  were  not  required  because  the  overspeed  test  requirements  of  115 
percent  of  maximum  allowable  speed  corresponded  to  the  F404  engine  specification  disk 
burst  requirements. 


Engine  vibration  measurements  were  taken  in  the  PFRT  phase  of  the  program  under 
steady-state  and  transient  conditions.  Using  vibration  accelerometer  pickups,  no  destruc¬ 
tive  vibrations  were  evident  in  the  operating  range  of  the  engine.  Other  extensive  vibra¬ 
tion  and  stress  surveys  conducted  were  discussed  earlier  under  "Strength  and  Life." 

Externally  Applied  Forces 

Prior  to  performing  a  static  load  test  of  the  engine,  all  static  structural  elements 
which  transmit  to  the  engine  mounts  inertial,  gyroscopic,  and  thrust  forces  resulting  from 
flight  maneuver  conditions  were  analyzed.  The  GE  MASS,  CLASS/MASS  and  VAST  computer 
programs  were  used  in  the  analysis.  The  CLASS/MASS  program  analyzed  flanges,  shells  and 
other  axisymmetric  members;  the  VAST  program  analyzed  the  complete  engine  system.  The 
analyses,  performed  in  the  PFRT  phase  of  the  program,  developed  margins  of  safety  for  the 
parts  analyzed.  For  a  number  of  parts,  test  data  were  also  compared  to  the  analysis. 

In  some  of  the  cases,  the  tests  revealed  significantly  higher  stresses  than  the  computer 
analysis,  indicating  some  imperfections  in  the  computer  programs. 

Next,  the  engine  static  structures  were  subjected  to  loads  simulating  the  maximum 
combinations  of  inertial,  gyroscopic  and  thrust  forces,  and  the  resultant  mount  reactions. 
The  specification  required  the  parts  to  withstand  the  limiting  maneuver  loads  without 
permanent  deformation  and  1.5  times  the  maneuver  loads  with  no  evidence  of  cracking, 
buckling  or  permanent  deformation.  Generally,  the  stresses  for  all  parts  were  well  below 
the  material  yield  strengths  up  to  the  150  percent  maneuver  load  operating  conditions. 
However,  the  turbine  exhaust  frame  mount  ring  support  links,  although  acceptable  for  the 
100  percent  load  case,  were  not  acceptable  for  the  150  percent  case.  As  a  result,  the 
links  were  redesigned  to  increase  strength,  and  the  new  design  proved  to  offer  good  load 
margin  when  tested  later  during  the  qualification  phase.  A  repeat  of  the  PFRT  engine 
static  load  test  was  not  required  during  the  qualification  phase  because  of  similarity  of 
PFRT  and  QT  parts. 

Gyroscopic  Moments 

An  analysis  was  performed  during  the  qualification  phase  of  the  program  to  determine 
the  effect  of  the  maximum  expected  maneuver  loads  on  engine  rotor-to-stator  deflections 
and  clearances.  The  analysis  showed  that  the  cycling  gyro  loads  were  not  expected  to 
result  in  any  parts  failure  or  produce  severe  enough  rubs  to  affect  satisfactory  engine 
operation  (rubbing  was  predicted  under  some  limiting  conditions).  Generally,  good 
stress  margin  was  indicated  for  engine  parts.  One  significant  problem  was  uncovered  by 


the  analysis,  however.  Stresses  at  the  low  pressure  turbir.e  torque  cone  rim  bolt 
holes  exceeded  the  minimum  -3m  material  vibratory  allowable  stress  limits.  The  flange 
was  later  thickened  to  correct  the  problem. 

F_4_0 4_  Mntii ne  Qualification  Kndurance  Test _ Results 

The  qualification  endurance  *-cst  has  always  been  considered  the  most  significant 
test  for  durability  in  the  qualification  program.  M1L-E-5007D  requires  two  150-hour 
tests  on  an  engine.  The  F404  engine  was  required  to  complete  one  150-hour  test  on  each 
of  two  engines,  each  engine  using  a  different  fuel  and  lubricant.  (Later,  due  to  financial 
constraints,  the  Navy  changed  the  formal  requirement  to  one  engine  test  on  JP-5  fuel, 
the  Navy’s  primary  fuel.  A  150-hour  AMT  was  used  as  a  vehicle  to  qualify  the  engine  on 
JP-4  fuel).  The  F404  engine  was  also  contractually  required  to  run  an  additional  150-hour 
endurance  test  on  one  of  the  engines  for  demonstration  purposes.  MIL-E-5007D  requires  the 
test  to  be  conducted  at  sea  level  conditions,  although  some  operation  is  required  (one- 
third  of  the  test  time)  at  high  inlet  pressures  and  temperatures  corresponding  to  certain 
maximum  flight  conditions.  Nearly  half  of  the  F404  test  was  required  to  be  conducted  at 
inlet  temperatures  and  pressures  corresponding  to  high  Mach  number  conditions  at  altitude. 
Table  5  presents  some  of  the  significant  qualification  endurance  test  requirements  for 
the  F404  engine  program  for  comparison  to  the  MIL-E-5007D  requirements  in  Table  3. 

Although  the  MIL-E-5007D  qualification  endurance  test  was  never  perceived  to 
represent  a  particular  number  of  engine  hours  in  a  service  environment,  there  is  a 
temptation  to  compare  the  F404  endurance  test  against  expected  service  operation.  One 
survey  presents  expected  service  usage  information  for  the  F404  engine  for  1000  hours  of 
set  vice  operation  in  the  F/A-18  (reference  6).  The  engine  is  expected  to  perform  525 
starts,  5990  partial  stress,  or  thermal,  cycles  (idle  -  intermediate  -  idle)  and  operate 
120  hours  at  maximum  temperature.  Considering  that  the  F404  engine  was  required  to  operate 
at  17  C  above  the  rating  temperatures  for  the  various  engine  ratings  during  the  qualifica¬ 
tion  endurance  test,  the  stress  rupture  capabilities  of  the  engine  were  tested  fairly 
well.  In  the  area  of  centrifugal  and  thermal  stress  low  cycle  fatiuge,  however,  the 
F404  engine  endurance  test  was  not  expected  to  be  a  good  representation  of  predicted 
service  usage  for  1000  hours. 

No  major  structural  problems  were  uncovered  by  the  endurance  test,  but  some  part 
failures  did  occur  during  the  test.  The  most  significant  problems  were  a  cracked  fuel 
nozzle  pigtail  (the  pigtail  is  located  between  the  fuel  manifold  and  nozzle),  cracked 
variable  exhaust  nozzle  secondary  seals  and  an  afterburner  pump  seal  failure.  Fixes 
have  been  initiated  to  correct  each  of  these  problems.  The  post-test  inspection  of  all 
engine  parts  generally  showed  that  all  parts  were  in  acceptable  condition  and  within 
serviceable  limits,  except  for  the  high  pressure  turbine  nozzle.  One  of  the  HPT  vanes 
showed  excessive  trailing  edge  distress,  believed  to  be  caused  by  some  plugged  cooling 
holes.  A  change  to  the  processing  and  inspection  procedure  during  manufacturing  was 
expected  to  correct  the  problem. 

Where  Do  We  Go  From  Here? 

Since  the  publication  of  MIL-E-5007D  in  1973,  some  key  factors  have  occurred  to 
provide  impetus  for  the  development  of  a  new  revision  of  MIL-E-5007.  The  factors 
include : 

a.  New  engine  development  milestones  have  been  defined. 

b.  Concepts  of  Accelerated  Mission  Tests  (AMT)  and  Simulated  Mission  Endurance 
Tests  (SMET)  have  been  developed. 

c.  Aircraft  mission  usage  profile  definition  capability  has  been  developed. 

d.  office  of  Management  and  Budget  Circular  No.  A-109,  Major  Systems  Acqui s l t i ons , 
of  April  5,  1976  was  published. 

e.  A  Task  Force  on  Specifications  and  Standards  Improvement  was  chartered  as  a 
panel  of  the  Defense  Science  Board  in  1974  and  published  a  final  report  with  specific 
guidance  in  April  1977. 

In  the  following  paragraphs,  some  of  these  factors  will  be  discussed  and  explored 
more  fully. 


New  Engine  Development  Milestone  -  High  Production  Release 

By  the  late  60’ s,  both  the  U.S.  Navy  and  Air  Force  recognized  that  old  engine  design 
methods  were  not  going  to  be  so  easily  applied  to  engines  utilizing  the  newer,  lightweight 
materials  and  designed  with  the  newest  engine  technology,  including  more  complex  control 
systems  and  variable  geometry  systems.  Previously,  engine  performance  was  the  major 
consideration  on  all  new  engine  development  programs,  and  any  durability  problems  could 
usually  be  overcome  with  reasonable  effort  either  in  development  or  production.  With 
the  newer  technology  engines,  a  different  approach  to  assuring  that  the  engine  development 
programs  would  continue  to  produce  reliable,  durable  engines  for  service  became  necessary. 
Fortunately,  many  new  design  concepts  and  assurance  test  requirements  related  to  engine 
durability  were  incorporated  into  MIL-E-5007D.  Still  other  concepts  and  approaches  have 
been  developed  over  the  past  few  years  and  should  be  considered  in  a  new  MIL-E-5007 
document.  In  1974,  the  Navy  introduced  a  new  engine  development  program  phase  and 
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milestone.  and  a  new  endurance  test.  Engine  development  programs  have  classically  used 
the  PERT  and  QT  milestones  to  clear  the  engine  for  flight  tests  and  for  production, 
respectively.  The  military  general  engine  specification  provides  the  assurance  test 
requirements  which  must  be  satisfied  to  achieve  these  milestones. 

To  increase  the  assurance  that  an  engine  would  be  sufficiently  durable  and  reasonably 
problem-free  upon  introduction  to  full  service  operation,  the  Navy  added  a  High  Production 
Release  milestone  to  the  development  program.  The  HPR  phase  of  the  development  program 
was  constructed  to  include  a  1000-hour  SMET  and  an  engine  LCF  test,  each  test  to  be 
performed  on  an  engine  produced  by  production  tooling.  The  SMET  was  intended  to  be  composed 
of  basic  missions  expected  to  be  flown  by  the  aircraft  in  service.  The  missions  were  to 
be  mixed  in  the  appropriate  proportion  for  1000  hours  of  service  operation.  An  Accelerated 
Service  Test  (AST)  was  also  introduced  into  the  HPR  phase.  The  AST  was  designed  as  a 
1000-hour  service  type  test  of  the  engine(s)  in  an  aircraft.  The  engine  was  to  be 
maintained  by  the  contractor  for  the  first  500  hours  of  the  test  and  by  the  Navy  for  the 
.second  500  hours.  The  test  was  aimed  primarily  at  assessing  maintainability,  reliability, 
durability,  maintenance  manuals,  service  limits,  etc.,  in  typical  service  operation. 

Since  the  HPR  phase  of  the  engine  development  program  was  designed  to  approve  the 
engine  for  full  production,  the  former  QT  phase  was  redesignated  as  the  Low  Production 
Release  phase.  An  engine,  upon  completion  of  the  LPR  phase,  would  be  permitted  to  be 
produced  in  a  limited  manner  for  Navy  aircraft  assurance  tests  and  limited  initial 
service  operation.  A  typical  development  program  utilizing  these  milestones  and  tests 
is  shown  in  figure  3.  These  concepts  were  generally  incorporated  into  the  F404  engine 
development  program,  although  the  SMET  requirement  was  for  750  hours  rather  than  1000 
hours.  A  revision  to  MIL-E-5007D  should  consider  this  approach  for  engine  durability 
assurance. 

The  concept  of  a  SMET  as  the  final  durability  test  requirement  in  an  engine  develop¬ 
ment  program  seems  appropriate;  it  offers  a  final  "proof"  that  the  developed  engine, 
manufactured  with  production  tooling,  can  perform  satisfactorily  utilizing  the  same 
missions  as  service  engines.  Obviously,  a  sample  of  one  engine  provides  little  statistical 
assurance  and  confidence  that  all  production  engines  will  reach  1000  hours  in  service 
with  no  durability  problems.  Additional  approaches  to  assurance  testing  to  augment  one-to- 
one  SMET  testing  for  durability  will  be  discussed  later. 

Mission  Data  Development 

Mission-oriented  testing  requires  one  major  ingredient  -  definition  of  the  expected 
service  missions  (and  the  proportionate  mix  of  missions  over  some  period  of  service 
life) .  To  acquire  mission  definitions  for  Navy  fighter  aircraft,  Navy  and  industry  (Pratt 
and  Whitney  Corporation)  representatives  surveyed  Navy  fighter  pilots  in  1974.  Typical 
fighter  missions  and  a  mission  mix  were  developed  and  were  utilized  to  define  the  initial 
F404  engine  SMET.  In  recent  years,  the  Navy  has  developed  a  more  detailed  and  systematic 
approach  to  acquiring  and  updating  mission  information  for  all  types  of  aircraft  (e.g., 
fighter,  attack,  patrol,  trainer,  helicopter).  The  approach  has  been  to:  (1)  interview 
pilots  and  instructors,  (2)  acquire  engine  flight  test  data  by  flying  similar  aircraft 
against  the  general  missions  stated  by  the  pilots,  (3)  store  and  continually  update  mission 
information  in  a  computer  system  and  (4)  utilize  the  data  to  develop  mission-oriented 
endurance  tests.  Reference  6  describes  the  program  more  fully  and  provides  a  good 
description  of  some  of  the  typical  missions  flown  by  Navy  aircraft. 

With  this  ongoing  system  for  maintaining  knowledge  of  Navy  aircraft/engine  operational 
use,  the  Navy  has  developed  a  tool  which  will  be  integrated  into  future  engine  specification 
re  vis  ions . 

Accelerated  Testing 

The  SMET  concept  which  requires  test  time  equivalent  to  operational  mission  time  on 
a  one-for-one  basis  is  a  costly  test,  considering  the  cost  of  fuel  and  other  resources, 
and  requires  a  lengthy  test  period  for  its  accomplishment.  In  the  last  few  years, 
accelerated  mission  testing  approaches  have  been  developed  to  compress  test  time.  As 
discussed  earlier,  the  F404  engine  development  program  has  utilized  the  AMT,  sometimes 
referred  to  as  an  Accelerated  Simulated  Mission  Endurance  Test  (ASMET) ,  approach  for  some 
of  its  assurance  testing.  An  AMT  is  a  shortened  SMET  intended  to  reveal  creep  and  LCF 
problems  in  the  hot  section  of  the  engine:  time  at  engine  non-damaging  internal  temperatures 
and  minor  speed  cycles  are  deleted  from  the  SMET  to  form  the  accelerated  test. 

Extensive  experience  with  SMET  and  AMT  testing  has  been  gained  by  the  Navy  as  a 
result  of  TF30  engine  testing  over  the  past  six  years.  The  NAPC  performed  a  750-hour 
SMET  on  a  TF30-P-412A  engine  in  1974,  a  400-hour  ASMET  on  a  TF30-P-412A  in  1976  and  a 
1000-hour  SMET  on  a  TF30-P-414  in  1977.  Pratt  and  Whitney  Aircraft  Group  also  performed 
testing  and  analyses  during  this  period.  This  total  experience  and  utilization  of  F-14 
aircraft  mission  data  resulted  in  the  development  of  three  generalized  AMT  mission  cycles 
for  the  TF 30- P-414  engine.  These  mission  cycles  are  being  used  in  the  appropriate  propor¬ 
tion  by  Pratt  and  Whitney  as  the  basis  for  accelerated  testing  to  uncover  durability 
p  oblems  before  these  problems  occur  in  service  (i.e.,  " lead- the- fleet "  concept). 

Accelerated  mission  testinq  up  to  1000  equivalent  flight  hours  has  produced  a  good  correla¬ 
tion  of  engine  hardware  condition  with  TF 30-P- 4 12/4 1 4  engine  service  experience. 


Reference  7  describes  the  concept  of  accelerated  mission  testing  in  depth  and  discusses 
Air  Force  work  with  the  TF34-GE-100  engine  (A-10  aircraft)  utilizing  the  AMT  approach. 

The  TF34  engine  tests  utilized  an  acceleration  factor  of  2:1.  The  Air  Force  has  also 
performed  extensive  AMT  testing  with  the  F100-PW-100  engine,  utilizing  an  acceleration 
factor  of  3:1.  Because  of  the  large  amount  of  operational  time  at  high  engine  temperatures 
and  the  number  of  large  speed  cycles,  fighter  and  attack  aircraft  AMT's  are  difficult  to 
accelerate  by  more  than  1. 5-3:1.  It  is  obviously  desirable  to  accelerate  endurance  test 
tine  to  as  high  a  degree  as  possible.  At  least  one  company,  Pratt  and  Whitney,  is 
currently  studying  accelerated- accelerated  test  (A2MT)  approaches  for  turbine  airfoil 
evaluations,  which  could  conceivably  reduce  the  time  to  run  an  AMT  by  75  percent  for 
some  evaluations. 

It  is  recognized  that  the  AMT  (and  SMET)  have  some  potential  shortcomings  for 
uncovering  hot  section  problems.  As  discussed  in  reference  8,  some  of  the  problems 
associated  with  the  development  of  the  mission-oriented  tests  are: 

1.  Sufficient  operational  data  are  lacking,  so  pilot  survey  data  are  used  as  the 
basis  for  the  development  of  generalized  missions. 

2.  Engine  data  acquired  from  flight  tests  are  generated  in  a  rather  controlled 
environment  by  experienced  flight  test  pilots  (the  Naval  Air  Test  Center  generates 
data  for  the  Navy)  as  opposed  to  operational  usage  with  less  experienced  pilots  in  an 
uncontrolled  environment. 

3.  P’nvi  ronmental  effects  are  not  factored  into  the  missions. 

4.  SMET/AMT  testing  is  usually  accomplished  in  a  sea  level  static  test  facility: 
the  effects  of  high  altitude  operation  on  the  durability  of  the  engine  are  not  completely 
duplicated  in  the  test  cell  (F404  engine  testing,  discussed  earlier,  did  include  the  effect 
of  high  ram  conditions  at  altitude  during  the  SMET  and  AMT) . 

5.  Mission  data,  usually  developed  from  older  aircraft/engines  used  to  fly  the 
missions,  often  has  to  be  analyzed  and  revised  to  be  more  representative  of  the  new 
weapons  system. 

These  shortcomings  have  not  appeared  to  be  crucial  in  the  case  of  the  TF30  engine. 
Although  the  AMT  as  currently  run  does  not  show  the  magnitude  of  hot  corrosion,  or 
sulphidation,  found  in  service  engines,  correlation  between  the  condition  of  test  engine 
and  service  engine  parts  has  been  good.  Hopefully,  for  new  development  engines,  the 
projected,  or  expected,  service  environment  (missions  and  mission  mix)  will  permit  good 
correlation  between  SMET,  AMT  and  service  engines. 

Rotating  cold  parts,  considered  as  parts  which  are  not  in  the  hot  gas  path  of  the 
engine,  are  most  often  life-limited  by  LCF.  SMET  and  AMT  tests  are  usually  of  insufficient 
time  duration  to  reach  the  service  life  for  the  cold  parts  because  cold  parts  are  designed 
to  last  4000  -  8000  hours,  and  SMET  and  AMT  tests  are  aimed  at  uncovering  earlier  hot 
part  problems.  Since  temperature  cycling  is  not  a  major  consideration  in  the  life  usage 
of  cold  parts,  accelerated  test  methods  can  be  employed  which  subject  the  parts  to  only 
the  major  stress  cycles  for  the  appropriate  expected  mission  life  of  the  hardware.  An 
Accelerated  I,ow  Cycle  Fatigue  Test  (ALCFT)  of  the  complete  engine  or  of  components  in  a 
spin  pit  can  reduce  test  time  by  a  10-20:1  ratio  (i.e.,  8000  service  hours  can  be 
represented  by  400  -  800  hours  of  testing).  For  pure  LCF  testing,  hardware  (e.g.,  engine 
disks  and  pressure  vessels)  should  be  cycled  to  include  engine  start- IRP-stop  and  idle-IRP- 
ldle  cycles.  MIL-E-5007D  requires  an  engine  LCF  test  for  a  start-max.  rpm-stop  cycle  which 
the  contractor  is  required  to  develop.  The  specification  also  requires  that  the  individual 
engine  components  (e.g.,  fan,  compressor,  combustor,  turbine)  which  are  LCF  life-limited 
be  tested  to  two  times  their  lives.  Spin  pit  tests  for  these  engine  disks  appear  to  be 
the  cheapest,  most  practical  approach  to  testing  these  parts  for  LCF  resistance.  These 
engine  and  component  specification  tests  are  still  considered  appropriate,  but  mission 
information,  now  available,  should  be  utilized  to  develop  the  cyclic  test  requirements. 

Earlier,  cyclic  and  temperature  features  of  the  MIL-E-5007D  300-hour  qualification 
endurance  test  were  described.  rt  was  pointed  out  that  the  general  cycle  used  for  the 
test  was  heavily  weighted  towards  checking  creep  and  stress-rupture  of  hot  parts.  The 
test  also  requires  the  demonstration  of  various  limits,  such  as  maximum  accessory  loading 
maximum  customer  bleed  airflow,  anti-icing  valve  actuation,  maximum  allowable  gas  tempera¬ 
tures,  etc.  The  Navy  is  presently  reviewing  the  300-hour  qualification  endurance  test 
requirements.  One  proposal  under  consideration  is  to  substitute  the  MIL-E-5007D  endurance 
test  with  two  tests  -  an  AMT  equivalent  to  a  specified  service  interval  for  the  engine  and 
a  Durability  Proof  Test  (DPT)  which  would  exercise  various  engine  functions  and  demonstrate 
various  limits.  An  AMT  would  impose  both  creep  and  LCF  conditions  on  the  hot  parts  as 
assurance  of  their  durability.  The  DPT,  a  test  conceived  to  be  approximately  60%  of 
an  AMT,  would  be  used  to  demonstrate  speci f i cation  limits  and  assure  that  operation  at 
those  limits  for  a  reasonable  time  period  would  not  detrimentally  affect  the  parts. 

Reference  8  provides  additional  information  on  a  Navy  'Revised  New  Look”  program 
which  requires  accelerated  assurance  testing.  Figure  4  depicts  this  program  with  a 
few  modifications.  Note  that  a  new  development  milestone.  Developmental  Release  (DR), 
has  been  added  to  provide  additional  assurance  early  in  the  program  that  sufficient 
progress  has  been  made  towards  achieving  durability  requirements. 
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Those  significant  changes  are  being  discussed  within  the  Navy  now  and  a  position  will 
eventually  be  coordinated  with  the  other  services  to  develop  a  revised  military  engine 
general  specification.  The  Navy  is  currently  developing  the  details  of  some  of  these 
tests  in  specification  format. 

The  Navy  intends  to  require  that  all  future  engine  development  programs  include 
AMT  and  accelerated  LCF  tests  f rorr  early  in  the  development  program  to  the  end  of  it. 
Specific  engines  will  be  assigned  solely  to  perform  these  durability  tests  to  uncover 
failure  modes,  track  crack  progression  of  hot  parts  and  develop  some  assurance  that  design 
predictions  and  methods  are  correct. 

MIL-K-5007P  Revision 

The  preliminary  stages  leading  to  a  formal  revision  of  MIL-E-5007D,  now  seven 
years  old,  are  underway.  Each  of  the  three  services  is  studying  the  total  specification, 
and  the  coordination  process  among  the  services  should  begin  soon.  Impetus  for  a  revised 
specification  has  resulted  from  engine  technology  improvements,  especially  in  the  under¬ 
standing  of  failure  modes,  durability  problems  and  associated  test  techniques.  (Some 
recommended  specification  improvements  relative  to  durability  testing  have  been  discussed 
previously  in  this  paper.)  Also,  there  is  a  desire  to  make  the  military  general  engine 
specification  more  "tailorable"  as  a  result  of  conclusions  drawn  by  the  Task  Force  on 
.Specifications  and  Standards  Improvement,  which  published  its  findings  in  1977.  The  Task 
Force  considered  the  U.S.  military  specifications  as  "technically  superior  to  their 
commercial  counterparts"  and  "essential"  for  procurement  purposes.  However,  the  Task 
Force  recommended  a  joint  government/industry  effort  to  effectively  tailor  the  application 
of  specifications  and  standards.  Reference  9  provides  a  more  comprehensive  general  discus¬ 
sion  of  the  Task  Force's  findings. 

Closing  Summary 

MIL-E-5007D.  as  the  general  specification  used  by  the  U.S.  military  services  to 
procure  turbojet/fan  engines,  has  provided  significantly  improved  requirements  over 
previous  military  specifications.  Major  improved  durability  requirements  have  paid 
dividends  on  the  U.S.  Navy's  F404-GE-400  engine  development  program.  Some  potential  design 
weaknesses,  uncovered  during  the  development  program  through  required  structural  analysis 
and  testing,  may  not  have  appeared  until  the  engine  reached  service  if  MIL-E-5007D 
requirements  had  not  been  adhered  to.  In  recent  years,  however,  the  development  of 
better,  more  complete  aircraft  mission  data  and  a  better  understanding  of  engine  failure 
modes  has  provided  impetus  for  a  new  specification  revision.  Specification  improvement 
must  be  a  continual  process  which  keeps  pace  with  engine  technology  advances  and  "real- 
world"  experience  with  service  engines.  Maintaining  engine  specifications  current  will 
assure  that  engines  developed  in  the  future  will  be  durable  and  operationally  effective. 
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DISCUSSION 


J. Fresco.  I  urhomcca.  I  r 

On  various  test  requirements  of  Mil  I  .50071)  such  as  rotor  integrity  test,  it  is  requested  to  run  at  maximum 
temperature 

What  does  maximum  temperature  mean  with  respeet  to  ratings  when  one  engine  failure  ratings  are  envisaged  ’ 
Author’s  Reply 

It  is  my  understanding  that  tins  question  relates  to  tlte  problem  of  testing  to  consider  a  contingency,  or  emergency, 
engine  rating  Hie  Navy  has  not  normally  accepted  such  a  rating.  On  a  recent  program  where  it  was  permitted,  a 
demonstration  of  the  rating  was  required  a  certain  number  of  times  during  the  <)  I  endurance  test 


VI. D. Paramour.  Ministry  of  Defence.  UK 

I  understand  that  the  US  Navy  has  introduced  a  new  specification  NAI’C  - T-7l)0()2 ,y)oes  this  specification  include 
tlte  proposed  revision  to  MU  -I  -50071)  outlined  in  your  paper,  and  what  is  the  current  status  of  the  new 
specification 

Author's  Reply 

N  AI’C  -P-7T002  is  an  interim  Navy  specification  which  incorporates  some  specification  revisions  which  were 
developed  as  a  result  of  "lessons  learned"  in  the  l‘>75  l‘)7K  time  period.  The  revisions  have  been  applied  mainly  to 
Section  5  of  the  specification.  A  more  extensive  revision  of  Section  3  has  been  prepared  and  is  being  coordinated 
within  the  Navy  Most  of  tlte  test  concepts  introduced  in  the  paper  have  not  been  incorporated  into  Section  4  yet. 
although  effort  in  underway. 

The  Air  f  orce,  custodians  of  MILT  -50071).  are  presently  developing  a  revised  specification  which  will  be  eventually 
coordinated  by  the  Military  Services. 


P.F.Ashwood.  National  has  Turbine  I  stablishment.  UK 

What  proportion  of  the  certification  programme  requires  the  use  of  altitude  test  facilities,  and  do  you  use  such 
facilities  for  endurance  testing? 

Author's  Reply 

Official  tests  which  are  usually  conducted  by  the  Navy  in  altitude  facilities  include:  Pf’K  and  QT  altitude,  inlet 
distortion  and  armament  gas  ingestion  tests  Other  tests  requiring  the  use  of  special  facilities  (e  g.  conditioned  inlet 
air)  are:  low  and  high  temperatures,  corrosion,  sand  and  dust,  gyroscopic  moments  and  infrared  tests.  Rotor 
integrity  tests  including  LCT  and  containment  tests  of  components  are  also  often  undertaken  in  Navy  spin  pits. 

Lnduranec  tests  are  usually  conducted  in  sea  level  facilities  and  may  utilize  high  pressure  facility  air  conditioned  to 
a  desired  temperature.  Lnduranec  tests  at  altitude  have  been  considered  by  the  Navy,  but  the  use  of  electricity  to 
operate  plant  equipment  makes  this  type  of  test  costly  (the  savings  in  fuel  and  its  cost  does  help  offset  the  high 
electricity  cost)  and  lengthy  endurance  tests  reduce  the  availability  of  precious  altitude  test  facilities.  At  this  time 
it  has  not  been  proven  that  testing  at  altitude  for  durability  verification  purposes  will  provide  much  more  informa¬ 
tion  than  testing  at  sea  level. 


Certification  Procedure  for  Military  Engines  in  Germany 
Fritz  Biel 


<  I 


Bundesamt  fur  Wehrtechnik  und  Reschaffung 
Leiter  des  Mus  t  erpr  iif  we  sens 
fur  Luf tf ahrtgerat  der  Rundeswehr 
Landshuter  Allee  162  a 
Sooo  Miinchen  19 


SUMMARY 

It  will  be  shown  how  in  the  Federal  Republic  of  Germany  Qualification  and  Certification 
of  military  used  aeronautical  equipment,  here  engines,  is  in  agreement  with  the  airtrans- 
portation  legislation  of  this  country  on  the  one  hand  and  how  it  is  bound  in  the  develop¬ 
ment  and  usage  of  a  weapon  system  on  the  other  hand. 

The  activities  in  the  course  of  development  and  during  usage  will  be  presented  with  spe¬ 
cial  emphasis  on  the  aspect  that  BWR-ML*  is  only  occupied  with  the  subject  of  airworthi¬ 
ness  free  from  the  need  for  the  pursuance  of  schedule  and  financial  matters.  Differences 
to  the  procedures  and  the  organization  of  other  countries,  if  known,  will  be  shown. 


INTRODUCTION 

In  popular-science  encyclopaedias  AIRWORTHY  is  defined  as  FIT  to  FLY.  However  thosewho 
are  engaged  in  the  aeronautical  field  have  to  consider  other,  i.e.  official  definitions 
as  for  example  the  definition  of  the  British  Standard  Institution  (  P.S,  185.  Section  1  ) 

AIRWORTHY:  Complying  with  the  regulations  prescribed  by  the 
competent  authority  certifying  the  fitness  for 
flight  of  an  aircraft. 

This  definition  means  that  during  development  and  manufacture  of  aeronautical  equipment, 
in  this  case  an  engine,  not  only  technological  and  scientific  fundamentals  but  also  legal 
and  administrative  aspects  have  to  be  considered. 

Those  legal  and  administrative  aspects  which  we  have  to  consider  in  the  Federal  Republic 
of  Germany  differ  in  some  areas  from  those  valid  in  par.tner  countries.  This  we  experienced 
throughout  the  development  phase  and  also  when  approaching  entry  into  service  of  the  two 
most  important  projects  of  the  German  Air  Force,  the  ALPHA  JET  (  joint  production  with 
France  '  and  the  TORNADO  (  joint  development  and  production  with  Great  Britain  and  Italy  ) 
as  well  as  when  adopting  aircraft  originally  developed  for  the  civil  market,  such  as 
VFW  6H. 

Having  learnt  this  lesson  we  feel  in  the  interest  of  both  parties,  the  companies  and  the 
certif icatlon  authorities,  knowledge  of  the  regulations  and  proceedings  plus  understanding 
of  the  restraints  put  on  the  officials  are  most  important  because  this  will  help  to  simpli¬ 
fy  and  facilitate  cooperation  between  companies  and  the  authorities  within  their  country 
and  also  cooperation  between  the  authorities  and  companies  participating  in  a  joint  project. 


STATUTORY  FUNDAMENTALS 

In  the  Federal  Republic  of  Germany  for  both  military  and  civil  air  traffic  the  Luftver- 
kehrsgesetz  (  LuftVG  )  =  Air  Traffic  Law  applies  uniformly.  Thus  it  has  been  ensured  by 
law  that  the  public  safety  will  not  sensiblyiteffected  neither  by  military  nor  by  civil 
aircrafts.  The  LuftVG  is  a  prevention  law,  i.e.  it  requires  that  before  any  aeronautical 
equipment  can  be  released  for  flight  it  has  to  pass  an  official  assessment  and  get  appro¬ 
val  from  the  appropriate  authority. 

This  law  is  executed  in  the  Federal  Republic  of  Germany  by  different  authorities  indepen¬ 
dent  of  both  the  manufacturer  and  the  user.  In  this  context  only  the  c  mplex  of  qualifi¬ 
cation  and  type  certification  of  engines  will  be  followed  up. 

The  Type  Certificate  will  be  given: 

-  for  civil-used  engines  by  the  Luf tf ahrtbundesamt  (  LPA  )  =  Federal 
Aviation  Agency 

and 

-  for  military-used  engines  by  the  Leiter  des  Musterpriifwesens  fur 
Luf tfahrtgerat  der  Bundeswehr  (  BWB-ML  )  =  Director  of  Aeronauti¬ 
cal  Equipment  Qualification  for  the  Federal  Armed  Forces. 

This  separation  between  civil  and  military  engines  was  considered  to  be  necessary  for 
*Note:Names  of  authorities  and  abreviations  are  given  according  to  the  German  designation 


various  reasons,  among  others  the  protection  of  military  secrets.  The  legislator  realized 
the  different  treatment  by  granting  an  exeptiona!  provision  in  the  LuftVG.  Apart  from  the 
different  administrative  responsibility  this  provision  also  permits  departure  from  the 
LuftVG  as  far  as  necessary  to  accomplish  the  special  tasks  of  the  federal  Armed  Forces. 


INDEPENDENT  AIRWORTHINESS  AUTHORITIES 

In  the  Federal  Republic  of  Germany  the  general  view  is  taken  that  the  rights  of  the  gene¬ 
ral  public  can  best  be  safeguarded  impartially  by  an  independent  institution.  F'y  this  way 
the  different  interests  of  the  parties  concerned,  i.e.  the  manufacturer,  the  user,  and 
the  general  public  are  to  the  utmost  respected. 

Although  engaged  in  the  whole  life  cycle  of  aeronautical  equipment  BWP-ML  is  independent 
not  only  of  the  user,  that  is  the  Air  Force,  but  also  of  the  divisions  responsible  for 
development  and  procurement  within  the  Pundesminister ium  der  Verteidigung  (  BMVg  )  = 
Federal  Ministry  of  Defense  and  the  Bundesamt  fur  Wehrtechnik  und  Reschaffung  (  BWB  )  = 
Federal  Office  for  Military  Technology  and  Procurement.  BWB-ML  is  directly  subordinate  to 
the  President  of  the  BWB  which  .demonstrates  its  independence  from  the  organizational  point 
of  view  as  well.  Figure  1  shows  the  integration  of  BWB-ML  into  the  armament  branch,  and 
Figure  2  presents  the  organizational  structure. 


ENGINE  LIFE  CYCLE 


The  procedure  for  the  introduction  of  equipment  for  the  Federal  Armed  Forces  is  covered 
by  the  "  General  Regulations  for  the  Development  and  Procurement  of  Military  Materiel." 
The  flowchart  contained  in  these  regulations  is  subdivided  in  individual  phases.  At  the 
end  of  each  individual  phase  an  assessment  has  to  be  made  and  a  decision  how  to  proceed 
has  to  be  taken. 


The  individual  phases  and  their  decisions 

Pre-Conceptual  Phase 
Conceptual  Phase 
Definition  Phase 

Development  Phase 

Procurement  Phase 
In-Service  Phase 


are  as  follows: 

Military  Needs 
Operational  Requirements 

Operational  Economical 
Requirements 

Approval  for  Introduction 
into  Service 

Approval  of  Final  Report 


The  Type  Certificate  of  an  engine  is  one  precondition  for  the  decision  of  the  introduction 
into  service.  It  has  been  established  by  internal  administrative  directive  at  which  point 
BWB-ML  is  to  be  included  into  the  equipment  life  cycle.  The  following  regulation  exists: 

-  During  the  Conceptual  Phase  BWB-ML  is  notified  about  major  events  in 
a  purely  informative  way,  for  example  BWB-ML  is  provided  with  a  copy 
of  the  Military  Needs, 

-  During  all  the  other  phases  BWB-ML  takes  an  active  hand  in  the  programme. 

In  Germany  we  are  of  the  opinion  that  inclusion  of  the  Airworthiness  Authority  early  in  a 
project  is  beneficial  to  it.  The  parties  concerned  have  to  have  a  clear  understanding  about 
all  requirements  with  regard  to  airworthiness  already  when  defining  the  engine.  Also  from 
the  technological  and  economical  point  of  view  early  participation  is  absolutely  necessary. 
Due  to  reasons  of  cost  and  time,  today,  it  is  no  longer  justifiable  that  an  engine  manu¬ 
facturer  approaches  the  Airworthiness  Authority  for  the  first  time  after  completion  of 
development  requesting  qualification.  BWB-ML  design  and  verification  requirements,  e.g. 
with  respect  to  necessary  minimum  performance,  structural  strength,  or  functional  reliabi¬ 
lity,  particularly  when  using  new  materials  or  not  yet  covered  new  technologies  represent 
a  cost  factor  which  must  be  known  to  the  manufacturer  by  all  means  prior  to  tendering. 

In  case  of  complex  equipment,  such  as  an  engine,  and  due  to  the  partly  opposite  interests 
of  the  user,  the  procurer,  and  the^  Airworthiness  Authority  coordination  too  is  absolutely 
necessary.  Balance  can  only  be  achieved  if  all  concerns  are  duly  taken  into  account.  Ba¬ 
lance  will  be  disturbed  immediately  If  one  of  the  coordinated  factors  is  altered,  e.g.  if 
the  user's  request  increases  costs  will  increase  and  airworthiness  will  possibly  be  affec¬ 
ted.  This  balance  can  be  ideally  illustrated  by  an  equilateral  triangle  containing  both 
the  functions  and  the  parties  involved  (  Figure  3  )• 


INTERNAL  ADMINISTRATIVE  PROCEDURE 

Information  on  the  military  administrative  organization  within  the  Federal  Republic  of 
Germany  should  be  concluded  by  referring  to  the  regulation  which  generally  governs  the 
work  of  the  Airworthiness  Authority  Representative.  It  is  the  Joint  Services  Regulation 
ZDv  19/1  "  Das  Priif-  und  Zulaseungswesen  fur  Luftf ahrtgerat  der  Bundeswehr  "  =  Inspection, 
Certification,  and  Licensing  Procedures  for  Aeronautical  Equipment  of  the  Federal  Armed 


forces,  Each  A ir wor th iness  Authority  He; resen ta ti ve  has  to  comply  with  the 
contained  therein.  Individual  chapters  of  the  ZDv  19/1  particularly  those 
ration  with  industry  are  seperately  compiled  and  are  normally  used  by  BWB  in  this  form 
for  incorporation  into  the  contracts  placed  on  the  manufacturer  of  aeronautical  equipment. 
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as  the  basis  for  elaborating  the  Model 
certain  extent  utilization  of  the  U.S . 
important  weapon  systems  introduced  in 
such  as  F-1o4,  have  been  equipped  with 
fications.  Further  utilization  of  these 

reasons  but  also  for  continuity  and  treatment  of  engines  to  the  same  basic  rules. 

It  has  to  be  clearly  pointed  out  that  the  Military  Specifications  referred  to  will  be  only 
the  basis  for  the  regulation  which  define  the  requirements  with  respect  to  airworthiness 
of  the  engine. 

It  is  said  as  in  other  countries  in  the  Federal  Republic  of  Germany  a  Model  Specification 
will  be  established.  The  difference  is  this  Specification  gets  here  more  attention  than 
the  basic  regulations  like  FAR,  JAR  etc.  One  can  explain  this  point  of  view  by  the  special 
task  of  BWB-ML  namely  to  make  sure  that  an  engine  taken  into  the  inventory  of  the  Armed 
Forces  is  airworthy  and  stays  airworthy  throughout  the  whole  In-Service  Phase.  This  hand¬ 
ling  enables  PWP-ML  to  take  into  consideration  divers  points  in  more  detail  compared  to 
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are  : 

-  the  correlation  between  the  engine  and  the  engine  installation  in  the  pro¬ 
pulsion  system  of  the  relevant  aircraft 

-  the  planned  mission  and  mission  profile 

-  the  maintenance  concept  required  by  the  user 

For  better  understanding  the  following  more  extended  comments  will  be  made: 

Correlation 

in  former  days  {  and  partly  still  today  for  civil  applications  )  engines  of  specified 
performance  categories  were  developed  separately  from  the  aircraft.  The  aircraft  engineer 
had  to  comply  with  the  installation  instructions  laid  down  by  the  engine  manufacturer  to 
ensure  that  the  engine  functioned  in  a  satisfactory  and  safe  way.  This  made  possible  a 
distinct  separation  into  engine  and  engine  installation  both  at  the  manufacturer's  level 
and  on  the  side  of  the  Airworthiness  Authorities  and  has  been  embodied  in  the  Design  and 
Test  Cpecif ications,  for  instance: 


Engine  Regulation 


Engine  Installation  Regulation 
29 


FAR  Part  33 
MIL-E-5oo7  D,  -8593  A 
DERD  23oo 

Today  the  integration  of  the  engine  into  the  propulsion  system  of  the  aircraft  has  advan¬ 
ced  so  far  that  a  close  cooperation  between  the  aircraft  manufacturer  and  the  engine 


FAR  Part  23,  25,  27, 

MIL-I-83294 

AvP  97o 


;  -t 


manufacturer  is  indispensable.  This  design  concept  now  most  commonly  used  has  also  to  be 
taken  into  consideration  by  the  Airworthiness  Authority  when  preparing  the  qualification 
programme.  This  is  illustrated  by  means  of  an  example:  The  engine  of  the  Tornado  Weapon 
fystem  is  supplied  with  the  required  amount  of  fuel  at  the  required  pressure  from  the 
low  pressure  fuel  system.  This  pressure  is  produced  by  an  engine-speed  dependent  pump 
which  belongs  to  the  low  pressure  fuel  system  and  thus  to  the  aircraft  part  for  which 
the  design  responsibility  lies  wittj  the  aircraft  manufacturer.  Each  change  in  fuel  flow 
required  for  a  given  engine  speed  will  result  in  a  change  of  fuel  pressure  at  the  engine 
inlet.  But  there  are  other  factors  which  increase  complexity: 

-  There  is  the  requirement  for  utilization  of  different  fuels  (  F  34,  F4o  ) 

-  The  fuel  is  used  as  a  coolant 

-  Compressor  Bleed  Air  is  used  for  fuel  tank  pressurization  or  as  medium  for 
an  ejector  pump  of  a  fuel/air  cooling  system  in  the  heat  exchanger. 

In  the  end  a  great  number  of  parameters  are  interconnected  and  each  change  of  one  parame¬ 
ter  can  cause  a  change  of  one  or  more  parameters  or  all  of  them.  This  interrelation  can 
only  be  controlled  by  incorporation  of  a  set  of  data  as  detailed  and  comprohensive  as 
possible  into  the  Model  Specification  or  a  related  document  such  as  an  Interface  Control 
Document  or  by  defining  a  computer  programme  established  for  that  purpose.  At  BWB-ML  the 
organization  of  the  various  branches  has  been  adjusted  to  the  problem  outlined  above  by 
integration  of  the  Airworthiness  Authority  Representatives  responsible  for  engine  quali¬ 
fication  with  those  responsible  for  qualification  of  the  low  pressure  fuel  system  in  the 
PWP-ML  section  Propulsion  System. 

Mission  Aspects 

It  is  common  practice  that  airworthiness  of  an  engine  will  be  verified  to  a  general  spe¬ 
cification.  From  this  it  could  be  concluded  that  the  design  will  not  be  based  upon  the 
factual  requirements  of  the  missions  but  upon  those  necessary  for  satisfying  those  spe¬ 
cification.  BWB-ML  cooperates  closely  with  the  user  from  the  very  beginning  to  take 
account  of  reality.  For  instance,  the  planned  mission  profile  is  taken  into  consideration 
when  designing  the  engine  and  demonstrating  compliance.  Thus  BWB-ML  is  prepared  to  adapt 
the  schedule  of  the  endurance  run  established  in  the  specification  to  the  requirements 
of  the  mission,  namely  to  relate  it  to  a  mission  cycle.  This  is  of  special  importance  for 
engines  with  a  high  power  to  weight  ratio. 

Maintenance  Aspects 

During  the  In-Service  Phase  of  the  engine  an  essential  cost  factor  is  the  expenditure  for 
maintenance.  It  is  the  intention  of  each  user  to  keep  it  as  low  as  possible.  In  this 
phase  however  besides  the  aspects  of  operational  readiness  which  falls  within  the  user's 
responsibility  the  concerns  of  airworthiness  have  to  be  taken  into  account  by  BWB-ML. 

This  is  contrary  to  the  procedures  in  other  countries.  The  maintenance  concept,  if  known, 
can  be  taken  into  account  when  determining  the  limits  defined  by  airworthiness.  For  ins¬ 
tance,  if  it  is  possible  to  count  the  load  cycles  of  the  critical  parts  with  a  recorder 
the  number  of  the  allowable  LCF  cycles  can  be  established  as  life  limit:  where  this  is 
not  possible  a  cycle  to  hour  ratio  has  to  be  determined  in  the  course  of  qualification 
in  order  to  establish  the  number  of  hours  as  the  limit  for  the  life  of  the  critical  parts. 

Cooperation  Aspects 

Today  engine  developments  even  of  relatively  small  engines  are  hardly  or  not  at  all  possible 
in  a  solo  attempt.  Such  developments  require  international  cooperation  to  reduce  develop¬ 
ment  rises  and  also  to  open  a  larger  market.  The  latter  will  also  be  achieved  by  certifying 
a  newly  developed  engine  for  both  the  civil  and  the  military  market.  BWB-ML  is  in  a  posi¬ 
tion  to  cooperate  in  such  projects  as  long  as  it  is  possible  to  meet  the  requirements  of 
the  LuftVG.  As  an  example,  reference  is  made  to  the  MTM  38o  engine  presently  in  the  plan¬ 
ning  stage.  In  this  project  France  and  the  Federal  Republic  of  Germany  are  cooperating  on 
the  military  side;  however,  in  addition,  this  engine  is  intended  for  commercial  application 
too.  The  set  up  of  the  Model  Specification  is  to  be  such  that  the  JAR  Engine  (  that  is 
basically  BCAR  Section  C  )  serves  as  the  basis.  Where  requirements  of  the  Military  Speci¬ 
fication  MIL-E-8593  A  are  not  satisfied  by  BCAR  Section  C  they  will&spec if ied  as  additio¬ 
nal  subjects  in  the  Model  Specification.  In  addition,  installation  requirements  as  per 
FAR  Part  29  or  special  regulations  concerning  crashworthiness  (  MIL-STD-129o  )  have  to  be 
met. 


TYPE  CERTIFICATION 

In  the  Federal  Republic  of  Germany  the  Type  Certification  of  a  civil  as  well  as  of  a  mili¬ 
tary  engine  is  documented  by  issuing  a  certificate.  This  document  which  is  set-up  in  a 
way  similar  to  the  Type  Test  Certificate  used  in  Great  Britain  certifies  the  Airworthi¬ 
ness  of  the  engine.  Furthermore  it  contains  the  limitations  within  which  the  engine  is 
airworthy.  Unlike  the  above  mentioned  UK  Type  Test  Certificate  this  certificate  does  also 
specify  the  operation-  and  maintenance  manuals.  In  addition  it  contains  the  requirements 
for  production  acceptance  testing  of  new  and  reconditioned  engines. 

In  the  Federal  Republic  of  Germany  BWB-ML  certifies  airworthiness  of  an  engine  at  the  end 
of  the  development  phase.  This  does  not  mean  the  conclusion  of  BWB-ML  involvment  in  the 
life  cycle  of  an  engine  but  only  the  achievement  of  a  milestone.  During  the  In-Service 
Phase  responsibility  of  airworthiness  still  rests  with  BWB-ML  and  hence  the  Type  Certifi¬ 
cate  will  be  amended  continually  according  to  further  evidence  plus  experience  by  BWB-ML. 
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ri'NTUIJION 

The  process  ol'  the  qualification  and  type  certification  procedure  for  military  engines 
and  the  administrative  responsibility  is  regulated  in  the  Federal  Republic  of  Germany  in 
accordance  with  the  Luf tver kehr sge se t z  -  Air  Traffic  Law.  For  special  features  due  to  the 
military  aspects  an  excepional  provision  has  been  granted.  A  rough  comparison  with  the 
procedures  applied  in  other  countries  shows  that  our  procedure  conforms  rather  with  the 
civil  regulations  introduced  in  these  countries,  in  comparison  to  this  civil  practice 
!'kp-ML  is  not  only  the  Certification  Authority  but  has  also  the  function  of  an  Airworthi¬ 
ness  [apartment  of  a  commercial  airline  or  an  aircraft  manufacturer. 
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Th>  rev  .  t  j.**  endurance  hih!  sun  lament  ary  qual  i  fi  rat.  io.j,  testing  r*  - -3  «i  i  red  for  the  grant  i  r.g  of  Typo 

Apt  r  vh  :  f  military  he  1  i  ccpter  engines .  The  rational*-  of  1  here  is  given,  and  vnr  i  at  i  or;;-,  i n  different 
nut  i  i..  '  re  qui  r^mcnt.  s  an*  di  scussed .  A  comparison  is  mad*-  with  civil  c*.rti  fieat  i  n  requ:  rom« -r.tr  . 

A*  *  ‘T.t :.  or,  i drawn  to  differences  between  the  requirements-  f>r  h*r  1  i  <••*•  r t.*-r  and  fixed-wing  aircraft  ^np'ir.^r. . 
Tf.>  paper  i  1 1  net  rat.ep  how  service  experience  has  r**v*-al--d  certain  d»*f  i  ;  **r;c  i  es  i  r:  tr.»-  test  r**qui  remerits , 
and  ha.  led  to  ti.e  development.  of  more  realistic  procedures.  The  options-  1  eing  nsid'-r*-*d  fr.r  the 
ewrrejit  review  .  f  the  UK  qualification  re  pi rements  are  discussed. 

i  .  INTRODUCTION 

There  are  ir:  the  NAT'  countries  several  general  spec  i  fi  cat,  ions  for  military  engir.es  arid  *'odes  of  civil 
airworthiness  regulations.  All  of  them  deal  inter  alia  with  helicopter  engines.  These  sets  of  require¬ 
ments  are  similar  in  their  general  philosophy  but  differ  considerably  ir,  detail.  Whilst  some  of  the 
differences  arise  from  genuine  variations  in  operational  requirements,  others  ar**  simply  results  of  the 
separate  evolution  of  the  specifications,  and  a  lack  of  successful  effort  at  standardization.  To  achieve 
Type  Approval  ir:  all  the  markets  in  which  he  hopes  to  sell  his  engines,  an  engine  manufacturer  would 
obviously  prefer  to  carry  out  a  single  series  of  tests,  rather  than  duplicate  tests  to  meet  small 
differences  in  requirements.  It  is  equally  in  the  interests  of  military  authorities,  who  not  only  set  the 
requirements  tut  have  to  pay  for  them  to  be  met,  to  avoid  unnecessary  duplication  of  testing  when 
purchasing  foreign-made  engines.  The  UK  military  specifications  have  not  been  amended  for  some  years,  and 
the  time  has  come  for  a  thorough  review.  It,  is  therefore  opportune  to  look  not  only  at  our  own  require¬ 
ments  tut  also  at  others  to  see  what  can  be  gained  from  those  in  force  elsewhere,  both  military  and  civil. 

We  must  examine  whether  these  requirements  have  adequately  met  the  needs  of  the  past,  and  what  changes  are 
necessary  to  meet  the  needs  of  the  future.  This  paper  sets  out  to  show  the  path  we  are  taking. 

<  .  TYPE  APPROVAL  TESTING  REQUIREMENTS 

P.l  General  and  Individual  Engine  Specifications.  Airworthiness  regulations  and  general  military 
specifications  set  out  the  mandatory  requirements  which  normally  must  be  met  by  a  new  engine.  The 
civil  requirements  cover  factors  affecting  the  safety  and  durability  of  the  engine,  but  the  military 
specifications  deal  also  with  requirements  enabling  the  engine  to  operate  satisfactorily  in  a 
military  role.  For  a  military  engine  an  individual  engine  specif ication  is  prepared  which  gives  the 
performance  requirements.  It  will  also  detail  the  way  in  which  the  mandatory  testing  will  be  applied, 
and  any  exemptions  granted,  following  discussions  between  the  contractor  and  the  authorities  concerned. 
Thus  the  general  specifications  are  administered  with  a  degree  of  flexibility  sufficient  to  meet  the 
needs  of  a  particular  engine.  The  main  general  specifications  and  airworthiness  codes  are  shown  in 

Table  1 . 

; ■ . Brief  Description  of  the  General  Specifications  and  Airworthiness  Codes 

...  .1  L  Kng  RD  Specifications.  D  Eng  RD  £100  covers  Test  Requirements  and  D  Eng  RD  <?300  covers 
Design  and  Gon struct  i  on .  They  are  ;sed  for  all  UK  service  engines  and  are  controlled  by  the 
Direct-  rate  of  Engine  Technology  in  MOD(PE),  formerly  the  Directorate  of  Engine  Research  and 
Development ,  from  which  the  r-poci  f  ieat  i ons  took  their  name.  Separate  Type  Test  Schedules  and 
Acceptance  Test  Schedules  are  provided  for  engines  of  Single-engined  Rotorcraft,  Mult i -Engined 
Rotorcraft  and  for  coupled  engines,  as  well  as  for  various  categories  of  fixed-wing  aircraft 
engir.es.  D  Eng  RD  D100  war,  last  comprehensively  revised  in  1Q67,  but  a  number  of  amendments 
were  issued  up  t.o  T-*7‘>  to  keep  it  up  to  date. 

.  ..  .,  British  t'jyjl  Airworthiness  Requirements  Section  C  (BCAR).  Ri’AP  Section  C,  dealing  with 
engines  arid  propellers,  is  accepted  as  a  European  Standard  by  the  Ai rworthiness  Authorities  of 
Belgium,  Franc**,  Federal  Republic,  of  Germany,  Italy,  The  Netherlands,  the  United  Kingdom  and 
Sweden.  The  requirements  are  controlled  by  the  Engine  Requirements  Go-ordinating  Committee  of 
♦-he  f  n<  ’ivil  Aviation  Authority.  A!;  participating  nat  i  ns  are  represented  on  the  Committee. 

Rf'AR  Section  '*  covers  both  Design  and  *'*or. struct i on.  Type  Test:-  and  Acceptance  Tests,  It  is 
r*-vi'Ve;i  annually,  and  amen ••lm*,nt.r.  are  mad**  p*-t,ween  revisions  by  means  of  ’Blue  Papers’  giving 
additional  r  revised  requirements.  Separate  sections  are  devoted  to  engines  of  single  arid 
mult  i -engined  Rot.  ore  raft ,  an  well  as  engines,  of  fixed-wing  aircraft..  The  Type  T-st  schedules 
for  R  torernft  engines  have  recently  Been  amended  t.o  facilitate  cmss-val  i  dat  ion  with  the  UC 
PAR  Part.  <<.  previously  they  w'r-  identical  to  those  in  P  rug  PI>  ,100. 

..  MI  I.-P-b'q  .  This  is  the  UP  general  military  specification  for  turbo-prop  and  turbo- 

shaft  **ngir.>ec.  It  wan  prepared  by  the  Gy  Navy,  and  is  .similar  to  Mil  -K-'-onTI the  specification 
for  turbo-jet,  and  urbo-fan  engines .  It  is  subscribed  t.o  ly  all  <  no  Cervices.  Like  the 
!•  ur*  q.ear.  sper  i  f  i  cations,  it-  c*-v«*rs  both  Design  and  'N  -nst  ruct  i  '»n  (Requirements)  and  Preliminary 
Flight  Rating,  Qualification  arid  Acceptance  Tests  (Quality  Assurance  Provisions).  The 
spec  j  pi  cat  i  or;  was  issued  :  t.  1 /ft,  superseding  a  number  <<f  earlier  specifications  dating  from 
1  *’  ** .  The  •'K  i  r;  not  awar*-  '>f  an  imminent,  revision  t.o  this  speeifirat  inn. 


.  .  *.  ••  A  :•  -  •»  t- 1  -art  ■  t*  th«*  "r ;  i  t  « *■  i  .'tat**:;  K- j  *  -  r  *t  1  Aviation  R*-gul  at  i  on  is  "tit.  i  t  i  .*■  j 

*  A  i  rw  rt i  n- .'-t  anda  r  is  Air-waft  t-.ngi  ws  '  util  H>v-r:'.  ^  :  v  i  1  -’rigin'-s.  It  of  a  g**r.*-ral 

[•■•iff  i-alir.g  inter  alia  with  .ngin*  rating:-,  utia  limit:’,  a  sub-part  deal  i  ng  with  gere-rai 
t-  •  Uv.  an  l  -..et  f-i'-t  i  <  •  t  ■.  requirements,  -sub- parts.-.  dealing  with  design  and  construct  i  ■  ,»n  of 
!■■  'i:  r  I’ati'.K  u.v.i  turbin**  *ngi  a**.- ,  and  with  testing  of  r#-ci  prorat  ing  and  turbine  eng  ines. 
.'•■pir-n  endurance  test  s-'hedul  ar<-  prov  i  *.!*-»'  1  for  h*l  ie- >pt,er  origi  nos  having  v»tri'  rating 
f  r  .  t  w.  . 

.  •  ;'*!•  ^  _f  ‘Ij-.-tj  »i£.  A:-,  t  :.*•  t  • -m»  ■  of  Ui»*  Dympos  i  um  is  Turbi  nt*  Engine  Testing,  thi s  pur  *-r 

■  ;,i  nt  *  s  --r  *  r.g  requirements;  or  how  tne  tenting  vuli  lat***:  the  design  requirements,  rather 

*  hu:.  *.  w  th-  *v*t  i  *  y  of  t  !:•  ■  design  r'^nirwrit  is  arrive  1  at.  From  the  earliest  stapes  of  at. 
■ng::.*-'.  .?.?■-.*.,  the  man  ;factur*-r  will  curry  -a*  exteusiv*  testing,  start  i.ng  with  component  rip 

:•  mo;  t  inf  also  .-tarts  at  at.  -*arly  stag*-  and  cent  i  riu**s  throughout  an  engine's  development 
•* : .  i  s*wvi-.**  i  ;  f  ■  .  As  .'eon  as  p-rart  icab  1  e  in  ilr-  development,  an  engine  should  be  flight  tested  to 
••vul.iate  its  ;  e»-f. .  smar.ee  at  altitude  during  flight  manoeuvres .  A  formal  ter*  in  required  to  assure 
4  integrity  of  development  engines  during  this  programme.  As  development  approaches  completion, 
a  :  r*  gramme  f  Typ-  Approval  tests,  is  undertaken  to  ensure  the  fitness  of  the  engine  for  service  use, 
an  i  tt  establish  the  performance  limits  within  which  it  may  be  safely  operated.  To  ensure  that 
i  re  lustier,  engines  conform  t  the  Type  Appr-  val  standard,  all  are  given  an  Accef.tance  Test  to  check 
t.r.eir  :‘rt\.-rmance  and  correct,  functioning  and,  in  the  UK,  sample  engines  are  subjected  tc  a  more 
sear  •: •  g  ’’induction  duality”  Test. .  Or,  engines  in  service,  checks  must  be  undertaken  to  ensure  that 
;<rf  rnari'-e  h-t.er  i -wi  at.  ion  has  not.  o-cured.  Formal  test  programmes  are  also  required  to  accept 
r*tair**.i  •u.gines  for  continued  use  arid  to  validate  modifications.  Depending  on  the  significance  and 
Vr.f  * •  x t* *r. t  .  f  the  modi  ficat. ion,  the  latter  may  vary  from  a  short  check  up  to  a  repetition  of  much  of 
the  Type  Approval  testing.  The  structure  of  these  *  •  sts  is  shown  in  Table  2.  The  remainder  of  this 
paper  deals  with  Type  Approval  Tests,  as  these  are  the  most  comprehensi ve  tests  to  which  an  engine  is 
sut  t  ed ,  and  set  the  standard  against  which  subsequent  testing  is  measured. 

TVt  K  AtERCVAI,  TESTS  (QUALIFICATION  TESTS ) 

-.1  The  lommon  Elements.  The  four  codes  of  requirements  mentioned  in  Para  2.1  have  3  features  in 
eomm*  r; . 


a.  Conditions  according  to  which  the  satisfactory  completion  of  the  tests  will  lead  to  the 
approval  of  the  engine. 

t.  Endurance  Tests. 

■' .  Supplementary  Tests. 

A.  Conditions  for  Type  Approval.  It  is  a  feature  of  all  the  requirements  that  satisfactory 
completion  of  the  formal  tests  is  a  necessary  but  not  a  sufficient  condition  for  approval.  A  fault 
which  may  be  serious  in  service  operation  may  occur  only  a  very  few  times  in  the  limited  hours  of 
development  testing,  and  possibly  not  at  all  during  approval  tests.  It  is  essential  therefore  that 

an  authority  bases  its  approval  on  its  total  knowledge  of  an  engine,  not  just  on  the  outcome  of  the 

formal  tests.  This  knowledge  should  include  all  development  testing  of  an  engine  and  possibly 

service  experience  of  earlier  versions  of  the  engine.  D  Eng  RD  2100  therefore  states  that  in 

addition  to  meeting  the  Type  Test  requirements,  an  engine  must  have  "a  satisfactory  background  of 
development  experience".  BOAR  includes  like  requirements  in  Section  A,  which  deals  with  Certification 
and  ftrproval  Procedures.  M1L-E-6593A  adopts  a  somewhat  different  approach.  It  acknowledges  that  the 
formal  test:-  are  only  spot  checks  on  the  performance  and  integrity  of  the  engine.  It  therefore  states 
that  "n:  tvi thstari ding  th-  requirements  for  test  verification  of  individual  points  of  performance  or 

pirating  nharact-  ri  rtics  . ,  the  engine  manufacturer/constructor  shall  continue  to  be  fully 

re.-r  i  L]  e  for  all  features,  characteristics  and  performance  of  the  engine  throughout  the  environ- 
rvc.tal  'v.ndit i-  ns  and  operating  envelope,  to  the  extent  required  by  the  applicable  contract." 

*.■  relation  bi-twen  Endurance  and  Supplementary  Tests.  The  most  significant  stage  in  the  approval 
‘•■.ting  of  a:,  origin**  is  th**  endurance  test.  The  build  standard  of  the  engine  which  passes  this  test 
;  -•  t:  standard  for  whi~h  approval  is  given  for  service  use.  The  endurance  test  is  not  able  to 
ass  ir>  *>-rtain  aspects  of  engine  functioning  and  integrity,  so  supplementary  tests  are  required. 

I1'-.  *  t>  sts  also  raurt  \  ••  carried  out  on  engines  representative  of  the  production  standard.  Should 
:  ['■!  i-r.  ari/e  iiring  *h*-r*-t-  '  ,  moi;  fi  cat  ions  t*  the  engine  may  be  necessary.  It  is  therefore 
I  rat  f  r  ♦:*•  ; -...pp1. ••m<*ntary  tent.:-  to  b°  curr  1  •  :  out  before  the  endurance  test,  so  that  any 
:r.  -iifi’ati-  n.;  -an  be  i  i.'*«.*rp'  rated  if  possible  in  t.lie  endurance  test  engine,  so  avoiding  the  need  for 
• .  ■  arar.c--  ■  V  th*-  m-.  d  i  f  i-’at  ■  oris  in  subsequ»*nt  modification  approval  tests.  In  practice  this  ideal  is 
t.  a. way.  a  e.i^v**  l,  a  -  m«  d i  f  *at. ion.  take  time  to  develop  and  procure.  Following  an  unsuccessful 
:  i*-*n*  ntary  t**st,  a  r-peat  <  -f  both  the  supplementary  and  endurance  tests  may  be  required  to  ensure 
i  nt*-rri  t.v  of  th*-  m-  di  f  i -.•at  ion.  Th**  repeated  endurance  running  does  not  always  incur  extra 
••x:*:..*  ,  as  a  m«  ii  f  i^at  ;<•>:.  **an  c.ftr*n  be  "given  a  rid**"  on  an  engine  being  endurance  tested  for  some 
t.v-r  rur;-  .t*.  t-  •■*. *-*ir  a  liff«rr**r,t  t;/p»*-  of  <>il. 


•.**.1  l.«*:-c  r  i  [  t  i  on  of  th»*  T»-.’,t.  Wl,*.*n  an  engin**  has  been  developed  to  the  stage  where  its  per- 

f*  rma:.'***  art*i  f’lnet. i on i ng  arc  satisfactory,  and  its  integrity  has  been  established  by 
cut -pl “merit ary  testing,  its  durability  at  a  determined  level  of  performance  is  established  by 
endurane**  testing.  Th**  vari  -us  codes  of  regulations  all  use  for  this  purpose  variations  on  the 
them*-  of  th*-  \[.  t  r.our  t**st,  divided  into  b-hour  stages. 

Tal  '-..mpai*  .•  th*-  •  ndurmi<*.  t.**.-.t.  s.chedules  for  h*  1  i**L»pter  engines  required  by  the  four  codes 

of  r*-g  j1  at  i  ■  ly  illustrating  the  running  hours  r«-(pjir*-d  at.  each  rati  tig  during  the  i  SO  hour 
p'-ri*  >1.  Tb>-  various  i nstrwet ions  f  r  eurry i rig  « ml.  an  endurance  test  are  complex,  and  it.  is 
imp*  i ••  to  repr*-:'ent  U.<- m  all  on  ■  :ie  -diagram. 
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Th*-  total  running  time  at.  each  power  rat  ing  i:  nnly  1 'f  .*■  m*  usur*  ■  f  s.*-v-*rity.  A  further  rr-  >  jr-- 
..  t  M«  .  *y .  *  I  i  *  *  usage  to  wh  i  «’h  an  *  *n^  i  n«  •  i:  ::ub.i**ei.#-d  .  This.  is.  i  1  1  t  *-.|  in  Figure;;  1 

which  r--|  r'-:-*  lit  on>>  f  -liour  stage  of  Me-  1  for  mu  1 1  i  --•■riffi no  1  i  f,oj  t,r.r;-,  mar  re  1  with 

a:.  asterisk  in  I'nl  !*■  The  severity  nf  1  >j.  cy]e  i  :•  inf)  !i«-r, «•<■■]  by  t.he  tiro*-:;  taken  for  f  ow*  r 

1  •  ■  v »  t  movement ,  which  an*  a!:<  d-fin*-.-  i  r.  t.h-  ■[ . i  fi  fat  i<  -nr. .  Normally  all  power  l«*v**r 

:m -v^ra-'tit  are  raj  id. 

An  additional  measure  of  severity  is  imposed  in  hath  the  UK  and  US  military  spec i f i cat i ons  by 
the  use  of  temperature  margins.  I)  Eng  RI)  .100  requires  all  running  at  ratings  other  than 
contingency  ratings  to  be  at.  a  t.nin*-  i  n :  •  ■  t.  t  iim-.-nt  iir-  fat.  :  t.at.or  ^  *nt,  1  »-*t, )  -JOK  above  tde- 
ope rating  limit  to  be  cleared  by  the  test.  A  lower  margin,  negotiable  between  the  contractor 
and  the  authority,  is  applied  t--  contingency  ratings.  In  practice  lower  margins  have  been 
used  until  now.  All  engines  tested  since  the  <.0K  margin  was  introduced  in  1975  have  beer; 
derivatives  of  engines  whose  Type  Test  requi rements  were  fixed  before  that  date.  Likewise 
MTL-F-8S(MA  requires  a  margin  of  at  least  30K  at  all  ratings,  there  being  no  contingency 
ratings  in  normal  UP  practice.  A  further  margin  is  added  to  cover  system  inaccuracy  limits. 

Returning  to  Figures  1-'*,  it  is  instructive  to  compare  the  schedules  of  the  different 
authorities.  All  have  the  same  principal  elements;  the  25  6-hour  stag**::  *-uch  consisting 
of  long  periods  at  the  "normal  use  ratings",  cyclic  periods  between  low  and  high  ratings,  and 
incremental  running.  The  1; ffer-*nces  between  the  schedules  arise  from  the  varying  mix  of 
these  kinds  of  running,  which  result  in  the  varying  total  running  times  at  each  rating  shown 
in  Table  3.  The  differences  between  the  D  Rng  RD  2100,  BOAR  and  FAR  schedules  are 
comparat i vely  minor,  but  between  these  three  and  MIL-E-8593A  the  difference  is  large.  This  is 
a  direct  reflection  of  the  lack  of  contingency  ratings  in  US  Rotorcraft  engine  practice.  The 
nature  of  a  Type  Test  is  determined  to  a  considerable  extent  by  the  rating  structure  of  the 
engine,  and  this  subject  is  dealt  with  in  detail  in  Para  ^.1  below.  The  BCAR  schedules  were 
previously  identical  with  those  in  D  Eng  RD  2100  but  excluded  the  temperature  margin 
requirement.  The  BCAR  schedules  are  very  nearly  identical  to  the  FAR  rules,  so  that  an 
engine  tested  to  them  will  qualify  for  FAA  app~ >val .  The  change  was  made  because  standard¬ 
ization  with  US  civil  rules  was  thought  more  advantageous  than  with  UK  military  requirements. 
Technically  the  change  was  of  little  consequence,  the  FAA  test  being  of  similar  severity  to 
the  D  Eng  RD  £100  schedule,  when  the  effect  of  temperature  margin  is  discounted. 

The  regulations  also  require  a  minimum  number  of  starts  to  be  carried  out  during  and/or  after 
the  endurance  run,  as  shown  in  Table  U.  BCAR  Section  C  requires  in  addition  that  where 
applicable  all  normal  starts  be  made  with  the  free  power  turbine  locked  to  simulate  operation 
of  the  engine  in  the  helicopter  with  the  rotor  system  locked.  There  is  a  similar  requirement 
in  D  Eng  RD  2100  for  running  at  ground  idle  or  during  starts  with  the  free  power  turbine 
locked . 

Although  all  four  sets  of  regulations  include  a  basic  endurance  test  of  150  hours,  MIL-E-8593A 
is  -unique  in  requiring  four  such  tests  for  full  approval.  The  four  tests  are  run  as  two  150 
hour  segments  on  each  of  two  engines,  each  engine  using  a  different  type  of  fuel  and  oil.  (^.g. 

MTL-L-7808  oil  and  JP-U  fuel  in  one  engine,  MIL-L-23699  oil  and  JP-5  fuel  in  the  other).  The 

specification  gives  an  option  of  running  only  one  150  hour  segment  on  each  engine,  an  option 
which  has  certainly  been  exercised  on  occasion.  D  Eng  RD  2100  has  a  normal  requirement  for  a 
single  150  hour  test,  but  an  option  for  a  double  150  hour  segment,  which  has  never  been  used. 

All  specificati  ns  require  further  testing  for  clearance  of  additional  fuels  and  oils. 

As  important  as  the  requirements  for  running  the  test  are  the  criteria  by  which  an  engine  is 
judged  to  pass  or  fail,  but  these  are  specified  with  much  less  precision.  The  criterion  is 
usually  that  the  engine  must  be  "satisfactory"  and  must  not  show  "excessive"  wear  or  "undue" 

deteri  oration .  MIL-1  -8593A  at  least  goes  as  far  as  to  define  "satisfactory" .  It  is  the 

intention  of  D  Eng  RD  21  -u,  although  not  stated  explicitly,  that  an  engine  which  has  just 
completed  a  150  hour  test  should  be  capable  of  repeating  it.  It  was  the  thought,  1  r;at.  t.h:.; 
capability  should  be  demonstrated  that  led  tc  the  option  for  a  double  150  hour  test. 

3.^.2  Evolution  of  the  Test.  In  the  early  days  of  helicopter  turbine  engines,  the  Type  Test 
schedules  in  D  Eng  RD  2100  were  similar  to  those  for  engines  of  fixed-wing  aircraft,  which  in 
turn  had  evolved  from  piston  engine  tests.  Service  problems  of  unexpectedly  low  cyclic  lives 
and  vibration  soon  indicated  that  the  traditional  test  method  of  running  an  engine  for  extended 
periods  at  high  powers  was  not  adequate.  The  extended  periods  also  led  to  practical 
difficulties  in  running  the  test.  This  led  to  a  revision  of  tbp  schedule  at  the  beginning  of 
the  I960' s  to  the  present  pattern  of  .'5  f.-hour  stages,  with  stops  being  permitted  between 
stages.  The  content  <  f  the  stager  was  arranged  so  that  much  more  cyclic  usage  was  accumulated 
during  the  150  hours,  and  periods  of  incremental  running  were  introduced  to  identify  vibration 
problems.  It  is  a  feature  of  all  regulations  that  the  incremental  power  levels  must  be  adjusted 
if  vibrations  are  detected  so  as  to  run  the  engine  deliberately  at  the  speeds  where  vibration 
occur.: .  More  recently  still  the  t-.rt  1 :  temper**  tur*-  margin  n- ted  above  was  introduced  to  give 
a  greater  assurance  of  engine  life. 

Rational*'  of  the  Test.  At  th-*  present  state  of  evolution  the  rationale  of  the  Type  Test, 
is  that  it  demonstrates  that  the  engine  is  capable  of  being  operated  safely  at  each  of  the 
declared  ratings,  for  an  adequate  period,  which  will  hi*  the  initial  overhaul  life.  The  life  of 
♦ engine  is  of  course  capable  f  extension  by  further  engine  and  component  testing  and  by 
examination  of  engines  in  service.  The  demonstration  is  effected  by  running  the  engine  for  a 
sufficient  number  of  periods  at  each  rating,  each  at  least  as  long  as  the  time  for  which  the 
rating  is  to  be  approved.  Insufficient  cyclic  work  is  at  present  included  to  demonstrate  the 
safe  cyclic  life  of  the  engine  for  the  initial  period,  so  supplementary  component  l.CF  tests 
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jri'.i.-t  als>  i  •*  carried  oat  .  F-  r  •  vigin**:  which  nr*.*  to  b*-  us**d  for  rnor*  duration  sorties , 
p  Png  FI*  . '  i ;  '  requires  a  su? -plementary  test  consisting  of  additional  hoc**]  *-*rat,  ions  and 
decelerations.  The  total  cyclic  usage  •  n  th**  lVi  hoar  t**st  and  th**  suppl  “mentary  test  must  t*» 
at  least.  equal  to  the  predicted  usage  i r»  tin*  initial  overhaul  lifo  of  the  engine.  Incremental 
running  i s  d<ui**  to  identify  potential  weaknesses  at  intermediate  power  levels. 

The  eomparut  i  voly  slow  evolution  nf  the  t. » t.  schedule  has  been  caused  in  part  by  the  df-nire  to 

u.;»*  t. h* ■  Type  Test.  a;*,  a  yardstick  by  which  to  compare  an  endin'-  with  its  earlier  versions  and 

with.  )-vv  ions  origin**:-' .  Partly  it  has  been  due  to  tin*  desire  not  to  fall  too  far  out  of  lino 
with  oth*’r  authorities  and  so  hinder  mutual  re-’ogni  tion  of  approvals. 

It  has  to  be  admitted  that  after  engine*;  enter  service  they  meet  problems  which  the  Type  Test 
failed  to  reveal.  It  is  obvious  that  the  1  bO  hour  nench  test  does  n»-t  reproduce  in  every 
r*  ;  pect  either  the  way  an  engine  is  operated  or  the  environment  it  meets  when  installed  in  a 

h*'i i co;  ter .  A  service  engine  is  given  many  mor**  power  lever  movements  imposing  minor  stress 

cycles,  not  simulated  iti  th'*  Type  Test;  it  is  subjected  to  a  severe  vibration  environment  by 
tne  be] ieoj t*r  airframe  and  rotor  system;  the  inlet  air  flow  is  distorted;  the  engine  structure 
is-  :-.uh.i**'-t  t.  deflections  caused  by  flight  manoeuvres.  A  further  factor  is  that  the  Typo  Test 
is  tut  necessarily  carried  out  on  a  "worst"  engine  as  regards  resonant  frequencies,  mechanical 
tolerances  *»tc.  Attempts  have  been  made  t'  overcome  these  def icienci es,  both  by  trying  to 
simulate  more  accurately  the  aircraft  environment  during  the  endurance  test,  and  by  carrying 
out  further  supplementary  tests.  As  an  example  of  the  former,  the  OR  T700  was  type  tested  in 
the  United  states  on  a  test  bed  mounted  on  a  vibrating  platform  to  simulate  the  helicopter 
environment.  The  !Jf>  nave  also  carried  out  a  Flight  Qualification  Test  (Preliminary  Flight 
Rating  Test)  with  an  engine  built  to  maximum  permitted  imbalance.  Accelerated  Mission  Testing 
and  Simulated  Mission  Endurance  Testing  have  been  carried  out  to  try  to  subject  the  engine  to 
operation  more  like  that  which  it  will  see  in  service.  It  would  be  interesting  to  know  how 
successful  these  tests  have  been  in  preventing  problems  from  occurring  in  service. 

3.1-  Supplementary  Tests 

3 . r. 1  The  Purpose  of  the  Tests.  The  title  of  this  section.  Supplementary  Tests,  was  chosen  as 
it  is  the  term  used  in  D  Eng  RD  2100  to  describe  the  tests  other  than  the  endurance  test 
required  for  Type  Approval.  The  word  "supplementary"  is  deceptive.  It  implies  that  these 
tests  are  in  some  sense  less  important  than  the  ISO  hour  endurance  test.  This  is  not  so.  The 
supplementary  tests  are  an  integral  and  essential  part  of  the  Type  Test.  They  may  be 
classified  -inder  3  broad  headings: 

a.  Demonstration  of  correct  functioning  and  achievement  of  performance  targets  at  all 

points  in  the  flight  envelope. 

b.  Demonstration  of  integrity  and  safety  margins. 

c.  Demonstration  that  the  engine  can  survive  the  environment  and  hazards  it  is  likely 

to  meet  and  will  not  itself  cause  unwanted  environmental  effects. 

Description  of  the  Tests.  Table  b  shows  the  principal  supplementary  tests  and  indicates 
whicri  of  them  are  invoked  by  each  of  the  main  codes  of  regulations.  All  of  these  tests  are 
common  to  both  fixed-wing  and  helicopter  engines,  but  the  condition  under  which  the  test  is  run, 
e.g.  the  flight  envelope,  is  set  to  meet  the  requirements  of  the  particular  aeroplane  or 
helicopter.  An  approving  authority  would  normally  grant  an  exemption  where  a  test  is  not  appro¬ 
priate  for  a  particular  engine.  Different  terminology  sometimes  occurs  in  different 
si '■’ci fi cations  for  similar  requirements.  Table  b  does  not  follow  any  particular  specification 
\  lit  uses  descriptions  which  most  clearly  indicate  the  nature  of  the  requirement.  A  further 
problem  in  making  comparisons  is  that  one  test  sometimes  covers  more  than  one  requirement.  For 
example ,  over-temperature  and  over-speed  demonstrations  must  be  run  consecutively  on  the  same 
engine  to  comply  with  MTL-K-8r>V3A  but  the  other  rules  allow  them  to  be  run  separately.  Another 
difficulty  is  that  checks  required  as  a  separate  test  by  one  specification  may  need  to  be  carried 
'  ut  during  the  endurance  run  by  another  (e.g.  assessment  of  the  effect  of  air  bleed  on 
performance).  Certain  requirements  in  FAR  Fart  33  are  found  in  ’Design  and  Construction’  for 
which  specific  tests  are  laid  down  in  the  other  Codes;  the  test  requirement  is  therefore 
implicit,  in  that  the  engine  manufacturer  must  show  the  authority  he  has  met  the  design  require¬ 
ment,  rather  than  explicit.  Space  unfortunately  does  not  permit  a  complete  listing  of  the 
requirements  for  component  and  accessory  tests. 

Ar:  indication  in  Table  b  that  a  topic  is  dealt  with  by  more  than  one  set  of  rules  does  not 
indicate  that  they  all  require  identical  tests,  although  in  many  cases  they  do.  In  particular 
a  number  f  requirements  in  D  Frig  RD  2100  and  BCAR  Section  C  are  identical.  Over  the  years 
attempts  hav»*  been  made  to  standardize  certain  of  the  supplementary  tests  in  D  Ping  RD  2100  with 
those  of  MIL-E-Bb  MA  arid  MI L-Pi-‘»00TD,  through  the  Propulsion  Systems  Working  Party  of  the  Air 
Standard! zat ion  Co-ordinating  committee  (ASCC)  on  which  UK,  USA,  Canada,  Australia  and  New 
Zealand  are  represented.  This  effort  is  slowly  producing  useful  results,  and  a  more  determined 
effort  on  th**  part  of  the  US  and  UK,  the  two  major  engine  building  nations  in  ASCC,  would  enable 
real  {  r'  grer.s  to  h**  made.  Unfortunately  there  is  no  equivalent  NATO  counterpart  for  this 
Workir.g  Party  as  there  are  for  some  of  the  other  ASCC  groups. 

The  list  of  supplementary  tests  shows  the  differences  in  the  roles  of  the  civil  and  military 
authorities.  The  civil  requirements  are  limited  t<  those  needed  to  ensure  integrity  and 
airworthiness,  whereas  the  military  specifications  include  other  tests  needed  to  enable  an 
engine  to  operate  satisfactorily  in  a  military  envi ronment ,  e.g.  salt  water  and  sand  ingestion 
tests.  FAR  Part  33  does  not  deal  with  such  matters  as  pollution,  noise  and  smoke,  as  they  do 
not  affect  the  airworthiness  of  the  engine.  They  are  regulated  by  other  US  rules  or  agencies, 
but  not  of  course  with  the  interests  of  th*3  aircraft  operator  in  mind.  MTL-F.-8b93A  includes 
a  number  of  topics  not  dealt  with  in  D  Kng  RD  2100,  to  which  the  UK  will  give  attention  during 
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New  requirements  in  I>  Kng  HP  .’100.  Certain  tests  are  included  in  MIL-K-MVHA  which  are  not 
found  in  P  Kng  RP  .10O.  Th**  1  IK  will  he  ronsid*r  i  ng  whether  to  include  some  of  these  requirements, 
and  if  so  whether  the  III’  method  <f  test  <*an  he  adopted  directly  in  the  interests,  of  standardization. 
New  requirements  which  are  likely  to  be  dealt  with  in  P  Kng  HP  .’100  and  I)  Kng  RD  .  <no  un*  Electro- 
Magnetic  Compatibility  (FM**),  Infra-Red  Radiation,  Nuclear  Hardening  and  possibly  Exhaust  Oar. 
rim  i  ss  i  oris  an- 1  No i  se . 

•i.T  Assessment  of  Test.  Results.  The  problem  -  f  objective  judgement  in  assessing  test  r*  suits  is 
I'ernaj  s  more  difficult  with  supplementary  tests  than  with  the  endurar.ee  test.  As  in  the  ease  of  the 
UK  Sand  Krosion  Test  noted  above,  a  number  of  test  requirements  give  no  indication  of  an  acceptance 
criterion,  and  indeed  may  be  regarded  more  as  "-.lemons  t  rat ions  for  information"  rather  than  pass/fail 
tests.  Nevertheless  some  common  and  objective  standard  of  judgement  is  desirable  part i cul ar 1 y  when 
•one  nation  needs  to  validate  the  approval  of  ar.  engine  granted  by  another.  A  useful  view  of  other 
nations’  approaches  car.  be  gained  from  multi-national  qualification  groups,  such  as  that  set  up  by 
the  UK,  Federal  Republic  cf  Germany,  and  Italy  to  approve  the  RB  199. 

OPTIONS  FOR  THE  FUTURE 

U.l  Providing  for  New  Rating  Structures.  Faoh  of  the  190  hour  endurance  test  schedules  shown  in 
Table  3  assumes  a  particular  rating  structure  for  the  engine.  As  already  noted,  the  MIL-E-B993A 
schedule  diverges  from  those  of  the  other  3  authorities  because  it  makes  no  allowance  for  contingency 
ratings  for  engines  used  in  multi-engined  helicopters.  T..  this  respect  at  least  UK  military  require¬ 
ments  are  unlikely  to  fall  in  line  with  those  of  the  US.  The  traditioiial  UK  rating  structure  for 
such  engines  is  nevertheless  being  called  into  question.  Operational  needs  in  future  will  demand 
greater  flexibility  in  the  way  engines  are  operated.  The  use  of  helicopters  for  tasks  such  as  sonar 
dunking  will  require  the  repeated  and  longer  use  of  high  ratings,  up  to  take-off  power,  on  certain 

sorties.  The  engine  operating  limits  determined  by  type  testing  normally  allow  only  for  a  limited 

use  of  each  rating  per  flight.  However  the  advent  of  time-temperature  recorders  and  low  cycle 
fatigue  counters  will  permit  a  much  more  flexible  use  of  power.  No  longer  will  it  be  necessary  to 
limit  the  usage  of  each  rating  in  every  flight  in  order  to  ensure  the  safe  and  reliable  operation  of 
the  engine  throughout  an  overhaul  life  measured  in  hours.  Instead  life  could  be  declared  in  time- 
temperature  and  low  cycle  fatigue  counts,  and  the  service  operator  would  be  free  to  use  as  much  or 
as  little  of  this  life  on  each  flight  as  he  chose.  If  the  time  between  overhauls  is  not  to  be  too 
short,  some  sort  of  engine  management  policy  will  still  be  necessary  in  practice  to  restrain  over- 
enthusiastic  pilots.  One  role  of  the  Type  Test  therefore  will  be  to  determine  the  initial  life 

recorder  limits  up  to  which  an  engine  may  be  operated  rather  than  to  determine  an  overhaul  life  in 

hours  daring  which  an  engine  may  be  operated  for  a  given  time  per  flight  at  each  rating. 

A  further  development  is  the  need  for  emergency  or  "once  only”  powers.  The  contingency  ratings  used 
at  present  in  European  engines  for  multi-engined  helicopters  provide  additional  power  for  use  when 
the  other  engine  fails.  Maximum  Contingency,  normally  a  ?\  minute  rating,  is  used  to  recover  the 
helicopter  from  immediate  dan, /or,  should  failure  occur  during  a  take-off,  landing  or  hover. 
Intermediate  Contingency  may  be  used  for  1  hour  (D  Eng  RD  2100)  or  an  unlimited  period  (BCAR)  in  order 
to  return  to  base.  These  ratings  may  be  used  without  restriction,  with  the  proviso  that  excessive 
use,  for  example  during  training  in  "engine-out”  operation,  would  require  the  overhaul  life  of  the 
engine  to  be  reconsidered.  The  proposed  emergency  power  would  be  above  the  current  Maximum 
Contingency  level,  and  could  be  used  only  once  or  possibly  a  very  few  times.  The  advantage  to  be 
gained  is  that  smaller  and  lighter  engines  could  be  used  for  a  given  aircraft  weight,  requiring  a 
higher  percentage  of  Maximum  Continuous  power  t^  be  used  during  the  cruise,  providing  better  SFC 
and  extended  range,  but  at  the  expense  of  engine  life.  As  originally  proposed,  emergency  power  level 
was  to  be  available  once  only;  its  use  would  entail  the  rejection  of  the  engine  at  the  end  of  the 
flight.  As  it  would  only  be  used  following  the  failure  of  the  other  engine,  two  engines  would  need 
to  be  changed  when  the  aircraft  returned  to  base.  This  would  be  particularly  disadvantageous  for 
ship-borne  helicopters,  as  sufficient  spare  engines  would  not  normally  he  available.  An  emergency 
power  l*-vel  which  could  be  used  for,  say,  -5  times  would  therefore  be  more  useful.  An  operational 
difficulty  with  this  concept  is  the  impracticability  of  training  in  its  use,  as  continued  use  of  the 
emergency  power  would  result  in  a  high  rate  of  engine  rejections .  It  is  envisaged  that  emergency 
power  would  b“  required  for  a  period  of  approximately  1  minute  before  a  reduction  to  Maximum 
Contingency  could  be  made  safely.  To  give  an  adequate  margin  of  safety,  the  inclusion  in  the 
190  hour  '■■ndurance  test  of  f>  1?  minute  excursions  up  to  emergency  power  has  been  proposed  by  MOD(PE). 

Net  oniy  xs  it  true  that  changes  in  the  rating  structure  may  influence  Type  Test  requirements.  It 
is  equally  true  that  the  nature  of  the  Type  Test  can  influence  the  ratings  that  can  be  offered.  In 
determining  these  ratings  the  engine  manufacturer  has  regard  not  only  for  the  proposed  operational 
usage  of  the  aircraft,  but  also  for  the  Type  Test  requirements  that  the  engine  must  meet;  the  more 
severe  the  test,  the  more  conservative  the  ratings.  As  already  seen  both  the  US  and  UK  military 
authorities  require  the  endurance  test  to  be  run  at  turbine  inlet  temperatures  30K  above  the 
operating  limits.  If  the  aim  of  [>0%  creep  life  usage  during  the  test  is  to  be  met  in  both  the  civil 
and  military  cases,  obviously  the  power  levels  which  can  be  declared  from  a  military  test  will  be 
those  obtainable  at  a  turbine  inlet  temperature  30K  lower  than  those  which  can  be  declared  from  a 
civil  test.  The  consequence  is  that  the  manufacturer  is  obliged  to  offer  a  conservatively  rated 
engine  for  military  use,  but  can  provide  a  "hot-rod"  version  of  the  same  engine  for  civil  use;  the 
reverse  of  what  one  considers  to  be  usual.  When  deciding  the  temperature  margin  required  in  an 
individual  engine  spec i ficat ion,  careful  consideration  must  be  given  to  the  trade-off  between  power 
and  engine  life  which  is  appropriate  to  the  particular  application  of  the  engine. 

The  Reason  for  Change.  The  principal  criticism  of  the  current  method  of  Type  Approval  testing 
is  that  it  still  fails  to  reveal  all  the  problems  that  occur  in  service.  Up  to  a  point  this  is  not 
surprising.  By  the  time  Type  Approval  is  granted,  experience  will  have  been  gained  from  perhaps 
10,000  hours  of  engine  running.  Series  engines  will  in  the  course  of  time  accumulate  many  hundreds 
of  thousands  or,  for  civil  types,  millions  of  service  hours.  Little  wonder  then  that  not  every 
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TABLE  2 

STAGES  OF  TESTING 


DEVELOPMENT 


MODIFICATION 


SERVICE  USE < 


Flight  Qualification  Test 
(Preliminary  Flight  Rating  Test) 


Type  Approval  Test 
(Qualification  Test) 


Production  Acceptance  Test 
Production  Quality  Test 
Modification  Approval  Test 

Power  Performance  Index  (Deterioration)  ''heck 
Overhauled  Engine  Acceptance 


ENDURANCE  TEST  SCHEDULES 
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TABLE  U 
STARTS 


Starts  during 
130  hour 
Endurance  Test 

Hot 

Starts 

False 

Starts 

Additional  Hot 
or  Cold  Starts 

Total 

P  Eng  RD  .-’100 

25 

10 

10 

55 

100 

BCAR  Section  0 

<-'■> 

10 

10 

55 

100 

FAR  Part  33 

25 

10 

10 

55 

100 

MIL-E-*593A 

150 

10 

10 

150* 

m 

_ 

•NOTE:  Each  additional  start  to  be  followed  by  slam  acceleration  to  Maximum 
power,  remain  at  Maximum  for  30  sec,  followed  by  immediate  shutdown. 
Time  between  starts  for  18  of  these  additional  starts  to  increase 
incrementally  by  5  rains,  ie  5*  10,  13  .  90  minutes. 


TABLE  3 

SUPPLEMENTARY  TESTS 
3.1  PERFORMANCE 


Low  Temperature  Starting 

High  Temperature  Starting 

Altitude  Performance  and  Functioning 

High  Temperature  Performance  and  Functioning 

Altitude  Relight  Envelope 

Acceleration  Response  Times 

Surge  Tests  (Hot  Reslams) 

Pleed  Air  -  Effect  on  Performance 

Power  Offtakes  -  Effect  on  Performance 

Fuel  Pressure  Tests 

Fuel  Temperature  Tests 

Alternate  Fuels 

Emergency  Fuels 

Inlet  Pressure  Recovery  and  Distortion  -  Effect 
Altitude  Windmilling  Test 
starting  Torque  Test 


D  Eng  RD 

MIL-E- 

BCAR 

FAR 

2100 

8593A 

Part  33 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

n  Performance 

X 

X 

X 
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X  Normally  Mandatory  O  optional 

D  Kng  RD 
£-100 


Low  Cycl*'  Patigu**  of  Critical  Parts  X 

other  Fatigue  Tests  X 

Disc  Crack  Propagation  and  Burst  Tests  0 

Vibration  Survey  X 

Rotor  Integrity  (Overspeed  following  failure)  X 

Operation  at  Max  Overspeed  Limit  X 

'v*-rter;]ue  Test  X 

Overtemperature  Test  X 

Blade  Containment  X 

Acceleration  Cycles  0 

Sortie  Pattern  Tests  0 

Governor  Checks  X 

Top  Temperature  Limiter  Check  X 

Fuel  Contamination  X 

Windmilling  without  oil  Supply  X 

Accessory  Drive  Tests  X 

Free  Turbine  Overspeed  Trip  Check  X 

Component  Pressure  Tests  X 

Engine  Carcase  Loading  -  Strength  X 

-  Deflection  X 

Gyroscopic  Loads  X 

Engine  Mounting  Point  Test 

Engine  Slinging  Point  Test  X 


Simulated  Foreign  Object  Damage  Test 
Engine  Heat  Rejection  and  Oil  Cooling 
Engine  Operating  Attitude  Test 
Effect  of  Power  Turbine  Shaft  Failure 
Failure  Indicating  System  Test 
Continuous  Ignition  Test 
Exhaust  Gas  Overtemperature 
Cooling  Air  Supply  Failure 
Maintainability  Demonstration 


MTL-K- 

8y,m 

x 

x 

x 

x 

X 


x 

X 

X 

X 

X 

X 

X 


BCAR 

X 

X 

0 

X 

X 

X 

X 

X 

X 

0 

X 

X 

X 

X 


FAR 

Part  g 
X 


0 


X 


X 

X 

0 

X 


X 

X 

X  X 

X  X 

X 

X 


X  X 


X 

X 

X 

X 

X 

X 


X 


X 
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Multiple  Smal  1  Bird  Ingestion 
Multiple  Medium  Bird  Indention 
Single  Large  Bird  Ingestion 
Operation  in  Icing  Conditions 
Hailstone  Ingestion 
Atmospheric  Water  (Haiti I  Tngestion 
Cabin  Air  Contamination 

Corrosion  Susceptibility  (Salt.  Water  Ing*-:-,t.  i  ■  c; 
Sand  Ingestion 
Smoke  Test 

Armament  Gas  Ingestion 
Noise  Survey 
Exhaust  Emissions 
Nuclear  Hardening 
Radar  Cross-Section 
Infra-Red  Radiation 

Electromagnetic  Interference  and  Compatibility 


Eng  H! 
.  Hi.- 


Mil -K- 

HVy 


BCAR 


FAR 

Fart  j j 


X 

X 

X 

X 


X  X 

XXX 
XXX 
XXX 
XXX 
X  X  X 

X  X 


X 


X 

X 

X 

X 

X 

X 

X 


UK 


TABLE  6 

CORROSION  SUSCEPTIBILITY  TESTS 


US 


SUSCEPTIBILITY  TO  CORROSION 


CORROSION  SUSCEPTIBILITY  TEST 


1.  Motor  engine;  spray  salt  solution  into 
engine  intake  and  over  exterior. 


x  48-  HOUR  CYCLES  AS  FOLLOWS: 


Plug  openings  and  leave  to  stand  for 
1  week . 

*.  Repeat  1. 
e.  Repeat  r  . 

• .  Strip  and  examine 

T'  TAL  TIME  ,  WEEKS  ( r>7s  HOURS ) 

.’ALT  WATER  EFFECT 
1.  performance  calibration. 

.  *  Half-h-.ur  cycles. 


MINT 

RAT INU 

SALT  WATER 
INJECTION 

Maximum 

ON 

/'O 

Maximum  Continuous 

ON 

Ground  Idle 

OFF 

- 

Two  Accelerations 

from  '  : .  -  /.  !-n».  i  ng 

OFF 

Time 

Engine 

Salt  Water 

Engine  Air 

( hours ) 

Operating 

Injection 

Temp 

R.  Humidi ty 

■i 

Operating 
(Note  1) 

ON 

10°C 

73%  Min 

Not  Operating 

OFF 

Atmospheric 

Atmospheric 

7 

Not  Operating 

ON 

10*C 

93%  Min 

1? 

Not  Operating 

OFF 

1*3  ±5°C 

90%  Min 

A 

Repeat  first 
as  in  Note  2 . 

2  hours  but  with  engine  operation 

Note  1  U  y  In  m  *>'■*]  •  . •  •  f  m  Maximum 

m  Idle 

110  m  Max  continuous 
10  m  I  r.t-  rmed  i  at- 

Note  c  10  m  Max  '’out,  i  nuous 

b  x  ')  m  eyol--::  of  .  j  m  Idle 

2 1  m  T::t--rm--d  i  at 
ISO  m  Max  Continuous 
1 1 '  m  Max  Continuous 


i .  Performance  calibration  before  and  after 
washing. 


TOTAL  TTMF. : 


1P00  HOURS,  INCLUDING  150  HOURS  OF  ENGINE 
RUNNING 


4.  Strip  and  Examine. 

NOTE:  Compressor  washing  to  be  carried  out 
during  test  if  performance  full:-  to 
a  pre-determined  level. 


ENGINE  RUNNING  TIME :  10  hours. 


\ 
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DISCUSSION 


V  I  iorini.  K  \  I  .  1 1 

first.  Ilu'  author  is  In  hi-  congratulated  lor  his  comprehensive  review. 

M\  i|iiest ion  relers  to  l lie  present  engine  .ieeeler.it ion  rate  requirement  (both  TARTT  ami  JARI  refer  to  5  seconds 
l line I.  in  the  light  of  recent  multi-service  helicopter  applications  which  have  recently  employed  a  collective  bias 
actuator  to  increase  the  acceleration  rate  of  power  response  of  the  engine  by  some  artificial  means,  what  is  the  UK 
position  with  respect  to  future  engine  requirements  in  this  area? 

Author’s  Reply 

There  is  at  present  no  requirement  for  acceleration  response  time  in  the  UK  general  specifications  DlngRD?  1 00 
and  ?  tOO  Hus  is  a  subject  which  is  usually  dealt  with  in  the  individual  engine  specifications.  Tor  helicopter  engines 
I  would  not  consider  an  acceleration  time  of  5  seconds  to  be  sufficiently  last,  and  I  would  expect  to  see  a  ligure  ol 
a.s  seconds  in  an  individual  engine  specification. 


Alain  Deveaux.  Service  Technique  des  Programmes  Aeronautiques,  T'r 

You  indicated  that  for  the  determination  of  the  longevity  of  critical  parts  you  would  not  be  satisfied  with  an 
analytic  study,  hut  would  demand  practical  tests.  Today  we  possess  a  sizeable  amount  of  knowledge  concerning 
crack  propagation,  and  the  use  of  computers  enhances  the  precision  with  which  we  will  be  able  to  grasp  phenomena. 
What  reasons  do  you  have  to  adopt  the  policy  you  propose,  and  what  kind  of  tests  would  you  include  in  the 
regulations? 

Author's  Reply 

The  liling  procedure  which  we  have  recently  drawn  up  anticipates  that  safe  cyclic  lives  will  be  derived  mainly  Irom 
spin  pit  testing.  We  do  not  consider  that  the  development  of  computational  techniques  has  yet  reached  a  stage 
where  we  can  rely  on  them  alone  for  establishing  lives.  There  is  in  the  UK  a  programme  for  developing  these 
techniques,  which  includes  work  on  fracture  mechanics  and  crack  propagation.  This  programme  is  entitled  "Life 
and  Methods  Programme”  ( LAMP).  When  this  programme  is  completed,  we  shall  reconsider  our  policy  concerning 
low  cycle  fatigue  fifing  methods. 
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ABSTRACT 


I  or  the  past  decade  Boeing  has  had  a  unique  position  among  the  world's  commercial  airframe  companies  in  offering  major  portions 
of  our  product  line  with  a  variety  of  engines  supplied  by  all  three  large  commercial  manufacturers.  An  example  is  the  747  airplane  with 
15  engines  jt  12  thrust  ratings  in  6  nacelles  Our  new  airplanes,  the  757  and  767.  are  also  being  offered  with  several  engines  from  the 
same  manufacturers  Boeing  has  developed  a  framework  of  interrelated  documents  and  an  internal  evaluation  methodology  to  ensure 
consistency  and  control  of  these  multiple  engine  offerings.  This  paper  briefly  defines  the  documentary  framework  currently  used  and 
provides,  m  some  detail,  our  engine  peilortnuncc  evaluation  and  development  program  monitoring  methods. 

BACKGROUND 


The  introduction  of  wide  body  aircraft  with  high  bypass  ratio  engines  into  commercial  service  in  the  early  !(P0\  was  accompanied 
by  numerous  performance,  operational,  and  maintenance  problems.  The  initial  engine  installation  on  the  747  suffered  from  several 
problems,  for  a  time  even  impeding  scheduled  airplane  deliveries  ifig.  1  ).  The  entire  airplane  program  was  delayed  by  an  airplane  sub¬ 
system  over  which  Boeing  was  able  to  exert  little  control,  nor  did  we  initially  possess  sufficient  technical  understanding  of  the  causes 
of  these  engine  problems.  I  he  most  important  job  Boeing  and  the  engine  manufacturer  had  was  to  cure  the  immediate  engine  and 
airframe  deficiencies  affecting  airplane  deliveries  and  performance  guarantees.  From  a  vantage  point  of  10  y  ears,  we  now  believe 
both  Pratt  \  Whitney  and  Boeing  did  a  pretty  good  job  of  developing  solutions  to  these  initial  problems. 

Shortly  after  getting  the  program  on  a  more  even  keel,  we  began  exploring  improvement  of  747  program  offerings  by  installing 
alternative  engines  Optional  engines  were  not  new  to  Boeing  airplanes,  the  707-420  was  a  variation  of  the  707-320.  equipped  with 
the  Rolls-Royce  K(OI  2  C  on  way  rather  than  the  standard  Pratt  &.  Whitney  engines.  However,  prior  to  1473.  no  substantial  engineering 
and  marketing  campaign  had  been  directed  toward  broadening  the  market  of  one  airplane  by  routinely  offering  engines  built  by  a 
variety  ot  manufacturers.  Accordingly.  Pratt  cY  Whitney.  General  Electric,  and  Rolls-Royce  were  encouraged  to  offer  improved  deriv¬ 
atives  of  the  initial  versions  of  their  large,  high-by pass-rat io  engines  for  installation  on  improved  versions  of  tile  747  airplane.  The 
manufacturers  were  receptive,  and  figure  2  shows  the  I#  engine  configurations  and  ratings  certified  for  the  747  during  the  past 
lu  years  Ihose  familiar  with  file  requirements  of  Parts  25.  33.  and  36  of  the  Federal  Aviation  Regulations  will  recognize  this  list  as 
a  formidable  accomplishment,  involving  more  than  2000  test  hours  on  1 15  different  747  airplanes,  including  the  initial  certification 


Figure  ?  747  Flight  Line  March  1970 


ENGINE 

FIRST 

ENGINE 

FIRST 

MODEL 

DELIVERY 

MODEL 

DELIVERY 

•  JT9D  3 

DECEMBER  T969 

•  CF6  60 E 1 

JUNE  1978 

•  J79D  3A 

MARCH  1970 

•  RB211 524B2 

NOVEMBER  1978 

m  JT 90  7 

OCTOBER  1971 

•  CF645A 

DECEMBER  1978 

•  JT90  7A 

APRIL  1973 

•  JT9D  7J 

FEBRUARY  1979 

•  CF  6  SOI 

OCTOBER  1974 

•  RB211  52482SP 

JUNE  1979 

•  JT9D  7F 

DECEMBER  1975 

•  CF6  50E2 

JULY  1979 

•  J19D  7 ASF* 

JANUARY  1976 

•  CF6  4SA2 

SEPTEMBER  1979 

•  JT9D  70A 

APRIL  1976 

•  JT9D  70 

OCTOBER  1979 

•  RB2t  t  5246 

JUNE  1977 

•  R82) 1  524C2 

JUNE  1980 

Figure  2  747  Program  Certificated  Engines 


Obviously  flic  -support  >>t  airworthiness  certification  agencies  from  many  countries,  in  addition  to  the  United  Stales  FAA.  was  essential 
m  producing  tins  record  and  is  appreciated,  today,  current  and  prospective  74^  customers  are  offered  the  range  of  engine  installations 
i  fig  U  including  multiple  ratings  from  all  three  large  engine  manufacturers. 

I  he  availability  ot  alternative  engines  »<>r  the  747  has  fostered  a  healthy,  competitive  atmosphere  among  the  world's  engine  manu¬ 
facturers  1  he  bargaining  position  of  customer  airlines  has  been  enhanced  in  obtaining  the  lowest  possible  acquisition  and  maintenance 
costs  And.  the  Hoeing  (  ommercial  Airplane  Company  is  now  able  to  offer  a  wide  range  of  airplane 'engine  combinations  with  greater 
market  penetration. 

INTRODUCTION 

As  solutions  to  the  early  engine  problems  became  apparent,  more  advanced  ratings,  with  their  inherent  risks,  were  offered.  Our 
engineering  staff  continued  to  expand  our  -.uhstantial  eneme  data  library  ,  and  continued  developing  more  comprehensive  modeling 
programs.  A  series  <>!  administrative  and  technical  pron  ures  evolved  that  today  allow  for  a  detailed,  technical  understanding  ot 
a  proposed  engine  and  its  developmental  program  risks  Using  this  as  a  basis,  we  are  able  to  establish  realistic  aircraft  performance 
guarantees  and  delivery  schedules  l  his  applies  not  only  to  production  airplanes,  but  also  to  our  new  airplane  programs,  the  757 
and  T*™ 


Requests  tor  new  or  dem.itivc  engine  proposals  may  originate  from  any  quarter  An  airline  may  acquire  a  new.  long  range  route 
authority  that  dictates  an  engine  with  higher  takeoff  thrust  to  carry  the  larger  fuel  loads,  or  an  engine  of  lower  fuel  consumption  lo 
increase  range  An  engine  manufacture!  supported  by  in -house  or  government  research  funds  may  develop  higher  eff  iciency  compo¬ 
nents  or  improved  turbine  cooling  schemes  and  be  anxious  to  market  these  fuel  saving  features  Our  own  marketing  studies  might 
indicate  that  a  higher  gross  weight  airplane  requiring  higher  thrust  engines  would  be  well  received  Whatever  the  incentive,  the  potential 
business  opportunity  would  be  examined  by  Hoeing,  followed  by  discussions  with  the  various  engine  manufacturers  Both  would 
explore  the  technical  and  economic  features  of  the  engine  configuration  and  rating  under  consideration,  including  the  estimated 
development  timetable.  If  these  general  discussions  appear  to  be  fruitful  and  a  market  tor  the  improved  airplane  seems  probable,  then 
detailed  business  and  technical  discussions  can  be  undertaken  Comprehensive  negotiations  may  result  in  a  series  of  business  and 
technical  agreements  between  Boeing  and  the  engine  manufacturer 

1  he  business  discussions  w'itli  the  engine  manufacturer  and  the  coordination  of  all  activities  among  the  Boeing  technical,  marketing, 
financial,  and  other  groups  are  handled  by  the  Engine  Management  Group  I  he  resulting  business  agreement  includes  contract  terms 
and  conditions,  detailed  engine  specifications.  Boeing's  program  support  plan,  and  the  customer  airline’s  product  support  plan  (fig  4> 


AIRCRAFT 

MOOEL 


ENGINE 

MODEL 

•  JF90  7A/-7F/7J 

•  CF 6-4SA2/ 4582/  50E/  50E1/  S0E2 

•  RB211  S2482/C2 

•  JT90  7 A J  7*/  7 J /  70 

•  CF&50E/S0E1/50E2 

•  RB21V52482/C2/D4 

•  JT90  7 A7  7F/  7J/  70 

•  CF&50E/  50E1/  50E2 

•  HB211  S2482/C2/D4 

•  JTSD-7A/-7F/-7J 

•  CF6-45A2/-4582 

•  RB211  S2482/C2 


Figure  3  747  Program  Engines  Offered 
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Figure  4  Engine  Business  Agreement 


The  detailed  engine  specification  is  the  technical  keystone  of  the  business  agreement  The  guaranteed  thrust,  fuel  consumption, 
noise,  stability,  weight,  starting,  vibration,  and  installed  operating  margin  characteristics  are  defined  Also  defined  are  the  special 
procedures  for  all  bench,  ground,  and  flight  tests  required  to  demonstrate  compliance  with  the  guarantees  Additional  requirements 
for  the  engine,  such  as  bleed  air  or  electrical  power,  airplane  interface  definitions,  supporting  test  documentation  and  analyses,  and 
acceptance  tests  and  limits,  are  similarly  spelled  out. 

TECHNICAL  AUDIT 

The  technical  evaluation  of  any  proposed  engine  offering  attempts  to  answer  the  following  questions 

•  Are  the  thrust  ratings,  engine  configuration,  and  weight  appropriate  for  the  intended  application? 

•  Will  the  planned  fuel  consumption  be  achieved,  and  will  the  in-service  deterioration  rate  be  acceptable  to  the  airline  customer? 

•  Is  the  engine  properly  sized  and  designed  to  allow  for  later  growth? 

•  Will  the  engine  comply  with  applicable  government  regulations,  including  noise  and  emission  regulations? 

•  Will  the  stability  and  control  characteristics  be  satisfactory0 

•  Will  the  engine  possess  adequate  temperature  and  rpm  margins? 

•  Have  sufficient  engine  manufacturer  resources  been  devoted  to  the  development  program  in  order  to  minimize  the  possibility 
of  unforeseen  performance,  durability,  or  delivery  problems? 

Throughout  our  long  airplane  development  history,  we  have  maintained  and  continued  expansion  of  our  own  engine  development 
files,  engine  and  component  analysis  methods,  and  performance  trend  prediction  computer  programs.  These  engine  audit  tools  have 
been  derived  from  in-house  studies,  industry  and  Government  published  documents,  and  continuing  discussions  with  the  engine  manu¬ 
facturers  Very  stringent  utemaJ  security  procedures  are  used  to  safeguard  the  proprietary  data  of  the  individual  engine  manufacturers. 


The  evaluation  process  begins  with  a  very  detailed  Boeing  request  for  data  that  substantiates  the  engine  characteristics  (fig.  5).  Thrust 
specific  fuel  consumption  (TSFCl  is  probably  the  category  that  receives  the  most  attention  during  the  audit  The  engine  manufacturer's 
guaranteed  TSFC  is  usually  based  on  a  thermodynamic  model  of  the  engine  cycle  using  component  analyses  or  test  data,  engine  ground 
tests,  or  flight  tests  As  shown  in  figure  6.  we  independently  assess  the  basic  thermodynamic  cycle,  component  efficiencies,  required 
turbine  cooling  flows,  and  installation  losses  in  order  to  estimate  the  initial  TSFC  performance,  as  well  as  any  projected  in-service  TSFC 
deterioration  [he  thermodynamic  cycle  defined  by  the  engine  manufacturer  is  first  duplicated  using  our  own  cycle  analysis  computer 
programs  We  then  examine  the  expected  efficiency  of  each  component  and  compare  available  test  data  and  the  measured  trends 
observed  in  similar  components  If  the  claimed  efficiency  is  considered  optimistic,  based  on  state-of-the-art  considerations  and  the 
development  program  identified,  the  efficiency  is  degraded  »<>  a  more  realistic  level  Similarly,  if  the  turbine  cooling  flows  result  in 
excessively  high  turbine  metal  temperatures,  the  cooling  flows  are  increased  If  the  inlet  and  exhaust  system  installation  is  provided 
by  the  manufacturer,  inlet  recovery  characteristics  and  nozzle  coefficients  are  also  scrutinized  and  adjusted,  if  necessary.  The  short¬ 
term  and  long-term  TSFC  deterioration,  due  to  seal  wear,  airfoil  erosion,  and  thermal  distortion,  is  estimated  from  NASA  analyses 
and  the  individual  engine's  characteristics  Using  these  techniques,  we  then  predict  the  probable  initial  and  in-service  TSFC  levels  of 
the  proposed  engine 
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Figure  5.  Technical  Audit  Data  Request 


Figure  6  Fuel  Consumption  Audit 


I ngme  viability  is  examined  to  ensure  adequate  component  surge  margin,  and  reliable  starting  and  handling  characteristics  (tig.  ) 
f  ompone.-.t  surge  margins  max  be  reduced  by  manufacturing  tolerances,  deterioration.  How  distortion,  variable  geometry  positioning 
errors,  thermal  transients.  Reynolds  number,  and  transient  variations  m  the  operating  and  surge  lines.  During  the  audit,  considerable 
emphasis  is  placed  on  identifying  critical  flight  conditions  where  surge  margin  is  calculated  to  lie  minimal. 


I  he  engine's  overall  structural  mechanical  design  is  reviewed  ifig.  X )  to  ensure  that  the  proposed  installation  is  simple,  accessible, 
and  can  be  easily  maintained  The  static  and  dynamic  structural  characteristics  arc  examined,  along  with  the  materials  used  We  also 
examine  the  safeguards  that  are  provided  against  the  effects  of  system  failures  such  as  fires,  foreign  object  damage,  or  blade  failure. 

I  he  engine  manufacturer's  in-service  track  record  for  similar  installations  is  carefully  reviewed.  Component  durability  is  scrutinized 
intensively  because  of  its  direct  effect  on  fuel  costs,  maintenance  costs,  engine  reliability,  engine  safety  ,  and  thrust  growth  capability 
tor  later  versions  of  the  engine.  Component  lives  are  estimated  from  the  engine  cycle  ami  design,  airplane  mission  profile  forecasts, 
material  properties,  empirical  data,  and  our  own  parts  life  analyses.  These  studies  are  carried  out  in  close  coordination  with  the  I  SI  ( 
analysis  previously  described.  If  the  component  efficiencies  are  degraded  and  the  turbine  cooling  Hows  are  increased  substantially .  the 
engine's  thermodynamic  cycle  may  he  sufficiently  altered  to  increase  the  combustor  and  turbine  temperatures  and  the  shaft  rpm 


required  to  produce  the  desired  thrust  levels  As  a  result,  the  basic  engine  design  may  be  limited  by  vibrational,  stress,  or  material 
property  considerations  and  may  be  unable  to  achieve  the  intended  thrust  with  adequate  temperature  and  rpm  margins  This  could 


necessitate  certification  at  higher  turbine  temperatures  and  rpin  than  the  manufacturer  had  anticipated  or.  in  the  worst  case,  could 
require  engine  redesign  and  possible  delay  to  the  airplane  program. 
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Figure  7  Component  Stability  Margin 


Figure  8.  Structural  /Mechanical  Design  Review 


Noise  and  emission  characteristics  are  also  examined  and  compared  to  current  and  expected  future  regulations  to  ensure  conformity 
to  applicable  statutes 


f  inally,  the  engine  manufacturer’s  intended  development  program  is  examined  for  the  number  of  test  engines  committed  to  the 
program,  the  calendar  time  allotted  to  the  development  schedule,  the  number  of  expected  test  hours  and  cycles,  and  several  other 
critical  characteristics  iA  greatly  simplified  example  of  a  new  engine  program  development  schedule  is  shown  in  figure  9.)  Derivative 
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Figure  9  New  Engine  Development  Plan 


engine  development  programs  tend  to  be  shorter  with  fewer  dedicated  test  engines  because  of  the  program  development  background  of 
the  parent  engine  Possible  conflicts  in  facility  utilization  with  other  unrelated  developr  ent  programs  are  also  considered,  along  with 
a  general  assessment  ot  consistency  between  the  stated  technological  goals  envisioned  by  the  manufacturer  and  the  resources  allocated 
toward  achieving  these  goals 

RISKS 

I  rom  these  examinations  of  expected  performance,  stability,  durability,  mechanical  design,  noise,  emissions,  and  development 
schedule  objectives,  we  can  estimate  the  probable  engine  program  risk  to  Hoeing  and  the  customer  airline  As  figure  10  illustrates,  our 
technical  and  administrative  conclusions  are  communicated  back  to  the  engine  manufacturer,  who  is  then  given  the  opportunity  to 
respond  with  appropriate  data,  analyses,  or  rescheduling  alternatives  It  is  not  our  intent  to  directly  impose  design  alternatives  or 
scheduling  changes  on  the  manufacturers,  but  rather  to  identify  those  areas  of  concern  which  adversely  affect  our  confidence  in  the 
proposed  engine 


l his  technical  evaluation,  or  audit,  represents  only  the  beginning  of  an  ongoing  dialogue  with  the  engine  manufacturer  that 
continues  throughout  the  development,  flight  test,  and  certification  of  the  airplane/engine  combination  I  he  engine  and  airframe 
programs  proceed  in  parallel,  hollowing  extensive  development  testing,  that  may  include  both  ground  and  flight  testing,  the  engine  is 
certified  by  the  I  A  A  I  ngme  certification  does  not  represent  a  performance  endorsement  by  the  PA  A.  but  the  certification  testing 
does  establish  minimum  standards  for  engine  durability,  foreign  object  ingestion,  transient  response,  and  other  categories  relating  to 
flight  safety.  The  Boeing-owned  747  is  routinely  used  as  the  flight  test  vehicle  for  new  or  derivative  engines  for  the  747  airplane 
program.  It  will  also  play  a  major  role  in  the  flight  testing  of  the  engines  for  the  757  and  707  airplane  programs.  The  initial  production 
engines  and  nacelles  that  are  used  in  the  airplane  flight  test  program  are  thoroughly  ground  tested  and  calibrated  prior  to  installation  on 
the  airplane  Compliance  will  now  be  demonstrated  with  the  engine  installation  requirements  of  FAR  25  and.  hopefully,  with  the 
performance  guarantees  of  the  engine  specification.  A  typical  overall  engine/airframe  development  program  is  illustrated  in  figure  1 1 
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Figure  10.  Risk  Assessment 
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Figure  1 1.  Program  Schedule 


I  he  importance  of  continuous,  close  cooperation  between  the  engine  and  airframe  manufacturers  cannot  be  overemphasized. 
The  impact  of  engine  program  delays  on  airplane  production  programs,  as  well  as  on  airline  training  and  scheduling  activities,  can  be 
enormous  Through  the  continuous  technical  audit  process  which  is  being  vigorously  followed  on  our  new  airplane  programs,  the  757 
and  767.  figure  1  2.  it  is  our  intent  to  provide  our  customers  with  airplanes  delivered  on  schedule,  with  reliable  engines  of  predictable 
performance,  and  to  minimize  introductory  engine  service  problems. 


Figure  12.  757/767  Programs 

CONCLUSIONS 

I  he  early  history  of  commercial  wide-body  airplanes  was  plagued  with  engine  performance,  stability,  and  durability  problems. 

I  lie  lessons  learned  from  resolving  these  introductory  problems  enabled  the  Hoeing  Commercial  Airplane  Company  to  adopt  admin¬ 
istrative  and  technical  procedures  which  have 

•  I  nconraged  a  competitive  atmosphere  among  the  world's  engine  manufacturers  and  thus  minimized  airlines*  acquisition,  fuel, 
ami  maintenance  costs 


•  Reduced  the  likelihood  of  unforeseen  development  anil  introductory  problems  through  our  audit  and  monitoring  procedures 

•  I  xpamled  Hoeing  penetration  of  the  commercial  airplane  market  and  allowed  Hoeing  to  better  tailor  products  to  specific 
«.  ustomer  requirements 


Our  in -house  engine  review  procedures  will  continue  to  be  refined  as  additional  analysis  and  development  data  become  available  in  our 
mitimung  effort  to  assist  the  airlines  of  the  world  in  providing  the  traveling  public  with  low  cost,  dependable,  and  sate  air  transportation 


DISCUSSION 


M. Mihail.  Bureau  Veritas.  I  r 

Mr  Nordstrom's  lecture  was  excellent  ami  very  timely.  I  would  like  to  ask  him  three  questions: 

(  I )  Mow  does  Hoeing  see  the  problem  of  the  incidence  of  the  decay  of  the  power  of  engines  and  of  the  length 
of  flights  on  the  guarantee  of  performances,  particularly  the  guarantees  concerning  the  power  of  the  aircraft 
and  its  specific  level  of  fuel  consumption Does  Boeing  see  it  as  a  problem  that  concerns  the  manufacturer  or 
rather  the  customer.’ 

t_)  Do  you  think  that  the  position  of  the  engine  in  the  aircraft  modifies  the  vibration,  and  that  the  vibration  of  a 
positioned  engine  is  different?  Do  you  actually  define,  or  do  you  intend  to  define  in  the  future  maximal  values 
of  vibration  tor  positioned  engines  in  function  of  their  position  in  the  aircraft? 

(3  l  In  one  of  your  slides  "Structural  Mechanical  Design  Review",  you  speak  of  consultations  with  the  engine 
manufacturers  and  the  customers  to  determine  the  design  review.  Do  you  have  a  meeting  with  the  engine 
manufacturer  before  the  meeting  with  the  customers,  the  airline  people,  or  is  it  all  in  one  package? 

Author's  Reply 

( 1  )  Deterioration  is  normally  broken  down  into  two  aspects.  Short  term  deterioration  of  the  engine  is  basically 
wearing  in  of  seals  and  other  rotating  parts  and  usually  results  in  a  small  increase  of  ISI  C  and  engine 
temperatures  l  itis  deterioration  which  may  occur  prior  to  delivery  of  the  airplane  to  the  airline  customer  is 
normally  considered  under  the  airplane  performance  guarantees.  Longer  term  deterioration  of  the  engine  is 
caused  by  erosion  and/or  corrosion  of  air  foils,  thermal  distortion  of  air  foils  and  other  causes  acting  over  or 
occurring  during  long  term  operation.  Normally,  the  engine  manufacturer  deals  directly  with  the  airline 
operator  in  this  regard. 

I'he  engine  thrust  setting  parameter  is  chosen  such  that  the  desired  engine  thrust  is  obtained  regardless  of 
engine  deterioration,  so  that  the  full  thrust  rating  selected  is  always  available  to  the  operator.  When  the  engine 
is  not  capable  of  delivering  rated  thrust  within  the  operating  RPM  or  temperature  limits,  an  engine  overhaul  is 
required.  I. valence  exists  indicating  that  long  term  deterioration  is  primarily  sensitive  to  engine  cycles,  rather 
than  hours  of  operation. 

(?)  With  respect  to  engine  vihration.  engine  position  vibration  effects  in  general  occur  in  the  range  below  10  Hz. 
while  vibration  effects  of  interest  to  the  engine  usually  exceed  10  Hz.  Because  of  this  separation,  the  variation 
of  engine  position  normally  does  not  affect  engine  vibration  limits.  We  have  no  current  plans  to  define  engine 
vibration  limits  as  a  function  of  engine  position. 

(3)  We  have  continuous  ongoing  discussions  with  potential  airline  customers;  we  have  continuous  ongoing 
discussions  with  all  potential  engine  manufacturers;  and  we  have  continuous  ongoing  discussions  with  the 
regulatory  authorities.  The  final  configuration  we  specify  evolves  from  all  these  discussions. 


L.E. Abell.  USA!'.  Aeronautical  Systems  Div.,  US 

How  much  growth  do  you  normally  expect  from  a  new  engine  when  you  are  considering  offering  it  on  a  new 
aircraft  ? 

Author's  Reply 

We  look  for  a  minimum  growth  of  10'»  in  the  same  frame  size,  that  is.  without  changing  the  fan  diameter.  We  also 
examine  the  possibility  of  generating  a  family  of  engines  using  the  same  core  by  downsizing  or  increasing  the  L.P. 
system. 
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ABSTRAC'I 


litis  paper  describes  development  and  demonstration  testing  requirements  for  the  next  family  of  transport  engines.  It  includes 
propulsion  system  performance  and  functional  testing  with  emphasis  on  performance.  Rationale  is  provided  tor  the  major  tests  required. 

The  testing  requirements  identified  herein  reflect  experience  gained  in  the  I  101  I  program.  The  paper  stresses  the  need  for  inte¬ 
grated.  closely  coordinated  test  programs  involving  the  airframe  and  engine  companies.  The  test  concepts,  objectives,  and  definition  of 
what  constitutes  performance  demonstration  are  agreed  before  the  airplane  program  go-ahead.  Responsibilities  for  the  various  tests 
are  assigned  to  the  engine  and  airframe  companies  as  appropriate.  The  requirement  for  correlating  ground  and  flight  propulsion  perform¬ 
ance  results  is  discussed. 

finally,  examples  of  propulsion  testing  during  the  L-101  I  development  program  are  described. 

INTRODUCTION 

In  the  development  of  early  commercial  transports,  the  tendency  was  for  the  airframe  manufacturer  to  treat  the  engine  as  some¬ 
what  of  a  separate  entity  and  adapt  it  to  his  aircraft.  In  this  current  age  of  advanced  technology,  high  performance  aircraft  and  propul¬ 
sion  systems,  a  more  sophisticated  approach  is  required.  The  engine  can  no  longer  be  considered  a  separate  entity  because  the 
aerodynamic  and  functional  relationships  between  engine  and  airframe  are  much  more  critical  than  in  the  early  transports. 

Accordingly,  in  current  and  future  transport  aircraft  it  is  important  to  use  an  integrated  systems  approach  in  developing  the 
aircraft-propulsion  system  combination.  This  is  necessary  in  order  to  fully  exploit  the  performance  potential  and  ensure  mechanical  sys¬ 
tems  functional  compatibility.  The  aerodynamic  and  mechanical  sophistication  of  modern  transport  aircraft  has  attained  a  level  that 
requires  the  engine  and  associated  systems  be  integrated  carefully  with  the  pod  and  the  pod.  in  turn,  be  integrated  carefully  with  the  air¬ 
craft  and  associated  systems. 

This  integrated  systems  approach  requires  highly  coordinated  design,  development,  and  testing  programs  involving  both  the 
engine  company  and  the  airframe  company  In  some  cases  the  engine  company  is  given  responsibility  for  developing  the  complete  pro¬ 
pulsion  system.  In  other  cases,  the  responsibilities  are  shared  for  portions  of  the  propulsion  system  other  than  the  basic  engine.  In  either 
case  a  high  degree  of  coordination  is  required. 

There  are  three  principal  cases  for  consideration  in  propulsion  system  development  and  testing,  namely.  ( I  >  new  airplane  and  new 
engine  mode!  undergoing  development  at  the  same  time,  (2)  new  airplane  which  will  use  an  existing  engine  (requires  adaptation  of  engine 
and  associated  systems  to  airplane  and  associated  systems),  and  (3)  existing  airplane  which  will  use  a  new  engine.  Case  ( 1 )  is  the  subject 
of  this  paper  because  it  la)  offers  the  potentially  greatest  opportunities  in  the  development  of  a  commercial  transport  and  (b)  represents 
the  greatest  challenge  to  the  air  fra  me -engine  company  team,  particularly  when  the  airframe  and  engine  both  incorporate  advances  in 
technology.  Case  ( I  )  also  requires  the  most  innovative  effort  in  planning  of  the  development  and  testing  programs 

A  simplified  plan  for  a  total  propulsion  system  development  program  is  illustrated  in  F  igure  1 .  This  program  includes  engine, 
nacelle  pod.  and  propulsion  subsystems  development,  as  well  as  certification  of  the  propulsion  system  in  the  aircraft.  The  major  propul¬ 
sion  system  development  programs  are  listed  below. 
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Figure  1 .  Simplified  Propulsion  System  Development  Program 
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In  light  ol  the  very  large  inagnitiule  «t  the  total  propulsion  system  development  program  (I  igure  I  t.  this  paper  will  eoneentrate 
0,1  engine  performance  and  propulsion  system-airtrame  aerodynamic  integration  (including  performance  oriented  and  Uuu  tumally 
oriented  aerodynamic  integration).  I  he  portion  of  the  Hying  test  bed  and  flight  test  programs  related  to  these  two  subjects  will  also  be 
discussed.  I  he  topics  lor  discussion  are  enclosed  in  the  boxes  in  the  above  list  The  various  test  programs  required  lor  the  development 
and  demonstration  of  performance  and  propulsion -airframe  aerodynamic  integration  are  identified  in  I  igure  2 
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Figure  2.  Performance  and  Propulsion-Airframe  Aerodynamic  Integration 
Development  and  Demonstration  Testing 

Ilie  purpose  ot  the  present  paper  is  to  ( I )  describe  propulsion  system  testing  requirements  and  associated  rationale  for  the  next 
generation  of  commercial  transports  and  (2)  show  examples  of  propulsion  system  testing  of  a  recently  developed  commercial  transport. 

While  the  discussion  is  centered  around  development  and  testing  for  turbofan  propulsion  systems,  the  general  approach  and 
philosophy  would  be  similar  for  propfan  (turboprop)  systems. 

I  N(,INI  PI  RI  OKMANd  1 1  SI  RI  QUIRI  Ml  NTS 

Hus  section  presents  a  broad  description  ot  engine  performance  test  requirements  and  associated  rationale  for  the  next  genera¬ 
tion  ot  transport  engines.  I  lie  basic  test  concepts,  objectives,  and  definition  of  what  constitutes  performance  demonstration  are  agreed 
to  before  airplane  go-ahead.  As  part  ot  the  evolution  ol  required  testing,  responsibilities  of  engine  company  and  airfratner  are  also  briefly 
described. 


(  ategories  of  Performance 

I  wo  broad,  general  categories  ol  performance  exist  for  a  commercial  transport  propulsion  system,  namely,  operation  at  ( I )  rated 
engine  thrust  conditions  (such  as  takeoff,  maximum  continuous,  max  climb,  etc.)  and  (2)  part  power  cruise  (including  high  altitude 
cruise  and  low  altitude  holding).  Accurate  determination  of  thrust  is  required  in  both  categories  in  the  first  to  ensure  adequate  aircraft 
takeoff,  climb,  and  engine  out  performance  and  in  the  second  to  ensure  that  predicted  engine  cruise  specific  fuel  consumption  (SIC)  is 
achieved.  Overall  aircraft  performance  related  to  the  second  category  is  determined  by  measuring  the  specific  air  range  (ratio  of  true  air¬ 
speed  to  engine  fuel  flow  rate  expressed  in  nautical  miles  per  pound). 

Accordingly,  accurate  determination  ol  installed  engine  thrust  is  of  paramount  importance  in  the  development  and  certification 
of  a  commercial  transport  This  is  the  genesis  of.  and  primary  requirement  for,  the  testing  described  in  this  section.  The  thrust  determi¬ 
nation  methodology  is  based  on  Reference  I  While  accurate  fuel  flow  measurement  is  also  required,  experience  indicates  this  to  be 
much  less  challenging  than  thrust  determination. 

Sources  of  Test  Data  Facilities 

In  view  ol  the  critical  importance  and  challenge  of  determining  thrust  throughout  the  airplane  operating  regimes,  lour  sources  of 
test  data  are  required,  namely,  f  I  >  sea  level  test  stand.  (2)  altitude  test  facility  (ATI),  (3)  wind  tunnel  test,  and  (4)  flight  test.  Part  of 
the  agreement  as  to  what  constitutes  performance  demonstration  involves  “closing  the  loop”  between  these  four  data  sources,  as  illus¬ 
trated  in  Figure  .V  I  he  following  represents  a  brief  description  of  proposed  procedures  in  using  these  facilities  in  the  development  of  a 
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thrust  map  tor  the  next  family  of  engines  in  an  advanced  commer¬ 
cial  transport.  Due  to  the  broad  scope  of  this  paper,  only  limited 
examples  of  data  from  prior  tests  are  presented.  Die  application 
of  the  thrust  maps  in  determining  the  engine  and  airframe  contri¬ 
butions  to  specific  air  range  is  also  discussed. 

Ibrust  Map  Derivation  Procedures 

Determination  of  net  thrust  tn  flight  requires  that  the 
engines  be  carefully  calibrated  against  some  quantity  which  can  be 
measured  accurately  in  flight  Die  ratio  of  area-weighted  total 
pressures  in  the  engine  exhaust  to  the  total  pressure  at  the  front 
face  of  the  fan  can  be  shown  to  be  a  dependable  indication  of  net 
thrust.  The  only  additional  knowledge  required  is  flight  Mach 
number  and  altitude.  The  area  weighted  total  pressure  ratio 
approach  is  referred  to  as  an  “Integrated  Ingine  Pressure  Ratio" 
t  II  PR  l  thrust  indicating  system.  Hie  engine  net  thrust  is 
expressed  by  the  relationship 
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Figure  3.  I  ngine  Performance 


Fn  =  M  ill  PR.  M0) 

where  b  =  static  pressure  at  altitude  normalized  by  sea 

level  prtssure 

Mn  =  flight  Mach  number 
litis  system  is  illustrated  in  Figure  4. 

This  thrust  relationship  is  initially  determined  by  careful 
testing  of  the  full-scale,  flight  qualified  engine  on  sea  level  static 
test  stands,  such  as  shown  in  Figure  5,  and  in  an  altitude  facility 
capable  of  simulating  tliglit  conditions  fie..  Mach  number  and 
altituile  by  providing  appropriate  ram  pressure  and  temperature  at 
the  engine  face  and  static  pressure  at  the  nozzle  exhaust).  The 
resultant  thrust  map  is.  of  course,  adjusted  for  differences  in 
installation  effects  li  e.,  inlet  recovery,  bleed,  and  power  offtakes) 
between  the  ground  test  facilities  and  the  actual  airplane.  The 
engine  company  is  responsible  for  conducting  these  ground  test 
thrust  calibrations.  I  he  tests,  however,  also  are  observed  and 
analyzed  by  airframe  company  engineering  representatives. 


Figure  4.  Thrust  Indicating  System 


As  part  of  the  aircraft  High*  test  program,  the 
ground  test  thrust  calibrations  described  above  are  inde¬ 
pendently  checked  by  a  direct  calibration  of  the  thrust 
nup  between  Mach  numbers  ol  0  and  0.25.  This  can  be 
carried  out  on  the  runway  by  the  accurate  measurement 
of  distance  as  a  function  ot  time  from  which  aircraft 
,kl deration  ian  he  determined.  An  onboard  instrumen¬ 
tation  package,  known  as  the  Space  f  racking  Airborne 
Receiving  System  tSIARSi.  provides  this  capability. 

V  l deration  tests  at  various  thrust  levels  and  coasting 
deceleration  tests  at  idle  thrust  are  conducted  in  both 
directions  along  the  runway  and  at  various  gross  weights 
I  his  enables  the  extraneous  effects  of 'airframe  drag, 
rolling  trie  lion,  nmway  slope,  and  wind  to  be  extracted. 
Although  runwav  dopes  and  winds  are  known  and 
accounted  tor  in  the  data  reduction  procedure,  the 
hidiroc  lional  test  tec  hniquc  serves  to  remove  any  uncer¬ 
tainty  in  the  accounting  procedure  Hie  thrust 
obtained  Iront  these  SI  ARS  tests  are  then  compared 
with  the  sea  level  lest  stand  and  altitude  facility  results 

I  o  I  lowing  the  S  I  ARS  testing,  a  substantial 
amount  of  takeoff  performance  fesfmg  is  con  due  tec/ 
during  which  all  engine  parameters  are  carefully 
recorded  including  II  PR,  turbine  gas  temperature, 
and  engine  shall  speeds  !  he  purpose  of  this  testing 
is  three  fold,  namely,  to  (  I  )  check  engine  and  airplane 
takeoff  and  chmh  out  performance  using  the  derived 
low  speed  thrust  map.  t  2)  establish  a  data  bank  of 
engine  parameters  which  will  be  used  to  satisfy  I  AA 
certification  requirements,  and  f 3 )  establish  engine 
operating  maps. 


Figure  5.  Open  Air  Static  Test  Stand 


At  Mach  numbers  greater  than  0.25  other  methods  an*  required  to  check  the  thrust  levels  determined  from  the  altitude  test 
facility  I  wo  such  methods,  using  the  airplane  as  a  dynamometer  to  determine  aircraft  drag,  are  ( I )  idle  descent  tests  at  low  thrust  levels 
and  <  2  ►  constant  altitude  airplane  deceleration  tests  using  an  inertial  system.  This  testing  is  conducted  over  a  range  of  altitudes  and  Mach 
numbers  between  approximately  25.000  and  35.000  feet  and  0.7  to  0.85,  respectively. 


\ 


In  determining  in-flight  thrust  using  method  1 1  Hidle  descent),  data  are  taken  during  constant  Mach  number  descents  conducted 
at  low  thrust  levels,  but  not  so  low  that  an  unknown  spillage  drag  increment  can  appear  and  cloud  the  test  results  Aircraft  drag  is  deter¬ 
mined  from  the  rate  of  descent,  aircraft  weight,  and  the  engine  thrust.  The  low  thrust  levels  used  in  the  determination  of  aircraft  drag 
are  obtained  from  the  altitude  test  facility.  The  aircraft  is  then  flown  it  the  same  Mach  number  m  level  flight  and  the  JI  PK  required  to 
fly  is  recorded.  Since  thrust  is  equal  to  drag  for  this  level  flight  condition  and  drag  is  known  from  the  idle  descent  test,  a  thrust/ 1 1  PR 
point  on  the  thrust  map  is  obtained. 


Ilu*  advantage  of  low  thrust  descent  testing  is  that  the  great  majority  of  the  required  thrust  is  provided  by  the  flight  path  compo¬ 
nent  of  the  force  of  gravity,  while  the  thrust  contribution  of  the  engines  is  small.  If  the  relative  error  of  the  low-thrust  calibration 
obtained  in  the  altitude  facility  is  at  all  reasonable,  then  the  thrust  used  in  the  idle  descent  testing  will  have  only  a  small  effect  on  the 
accuracy  of  the  aircraft  drag.  Several  such  descents  at  different  Mach  numbers  will  serve  as  anchor  points  for  the  flight  calibration  of 
thrust. 


I  xamples  of  drag  polars  derived  from  1-101  1  idle  descent  flight  tests  com¬ 
pared  with  predictions  based  on  wind  tunnel  data  (adjusted  for  Reynolds  number) 
are  shown  in  f  igure  ft.  The  agreement  between  the  two  sets  of  data  is  excellent, 
confirming  the  aircraft  drag  and  the  engine  thrust  map. 

The  second  method,  used  as  an  independent  check  of  the  altitude  test 
facility  t  AT  I  ).  consists  of  a  flight  test  involving  airplane  deceleration  at  constant 
altitude  with  low  thrust  levels.  An  inertial  system  is  used  to  measure  the  aircraft 
deceleration.  Phis  method  is  currently  under  investigation. 

In  the  speed  regime  between  Mach  0.25  and  0.7,  the  airplane  can  be  flown 
in  level  flight,  in  climbs,  and  in  descents,  so  that  a  wide  range  of  thrust  levels  can 
be  made  available  at  several  different  stabilized  l-g  flight  conditions  jf  Mach 
number  and  altitude.  Since  at  any  specific  Right  condition  the  dra*„  of  the  air¬ 
plane  is  independent  of  Right  path  angle,  a  good  check  on  the  incremental  con¬ 
sistencies  of  the  thrust  map  at  several  Mach  numbers  is  possible.  The  difference  in 
thrust  required  for  climb  or  descent  can  be  calculated  with  respect  to  level  Right 
and  compared  with  the  predictions  of  the  thrust  map.  A  further  check  on  the 
incremental  consistency  of  the  thrust  map  can  be  carried  out  in  level  flight  for 
several  conditions  by  vary  ing  the  split  in  thrust  between  the  wing  engines  and  the 
center  engine  in  a  three -engine  aircraft,  lor  each  split  the  equality  of  total  thrust 
is  ensured  bv  maintaining  equality  of  both  speed  and  altitude. 

In  summary,  the  thrust  map  is  determined  by  the  combination  of  low 
speed,  high  speed,  and  intermediate  speed  and  altitude  Right  testing  and  is  then 
compared  with  data  obtained  in  the  wind  tunnel,  the  altitude  test  facility,  and 
the  sea  level  test  stand. 

Summarizing  responsibilities,  the  engine  company  is  responsible  for  the 
conduct  and  analyses  of  sea  level  test  stand  and  altitude  facility  tests.  The  air¬ 
frame  company  will  be  a  highly  interested,  active  participant.  The  airframe  com¬ 
pany  is  responsible  for  the  conduct  and  analyses  of  Right  testing  with  the  engine 
company  as  a  highly  interested,  active  participant.  Thus,  “closing  the  loop” 
between  the  four  data  sources  (sea  level  test  stand,  altitude  facility,  wind  tunnel 
test  and  Right  test )  is.  obviously,  a  joint,  coordinated  effort  between  the  engine 
company  and  the  airframe  company  with  shared  responsibility. 

Specific  Range  and  Thrust  Map  Application 
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Figure  6.  Comparison  of  Wind  Tunnel 
and  Flight  Data 


Ilte  final  products  ol  all  of  the  efforts  described  above  are  sets  of  thrust  maps,  fuel  Row  maps,  and  airplane  performance  charts 
covering  the  operating  regime  of  the  aircraft  and  propulsion  system.  These  maps  are  agreed  by  the  airframe  and  engine  companies  and 
are  used  in  ( I  l  certifying  the  airplane  (2)  demonstrating  that  the  airplane  meets  its  performance  commitments  and  (1)  demonstrating  that 
the  engine  has  met  its  performance  commitments. 

Having  the  thrust  map.  II  PR  required  to  fly,  and  the  measured  fuel  Row.  it  is  possible  to  determine  the  engine  and  airframe  con¬ 
tributions  to  specific  air  range  (SAR). 


Vo  =  aircraft  true  airspeed 
Wj  =  engine  fuel  Row  rate 
=  aircraft  gross  weight 
l.  =  aircraft  lift 
D  =  aircraft  drag 

SIC  “  specific  fuel  consumption,  Wj7Fjq 
I  N  =  engine  net  thrust 


AIRI  RAMI 


Ihe  airframe  component  of  the  specific  air  range  is  the  lift-to-drag  ratio.  For  stabilized  l-g  Right  conditions,  the  lift  is  equal  to 
the  aircraft  weight  and  the  drag  is  equal  to  the  engine  net  thrust.  Hie  aircraft  weight  is  determined  by  subtracting  the  time  integrated 
measured  fuel  Row  rate  from  the  aircraft  weight  measured  prior  to  takeoff  using  accurately  calibrated  scales.  The  drag  at  the  II  PR 
required  to  lly  is  determined  from  the  engine  thrust  map. 
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The  engine  component  of  tlu*  specific  air  range  is  the  specific  fuel  consumption,  which  is  the  ratio  of  fuel  tlow  rate  to  net  thrust 
The  fuel  flow  rate  is  measured  during  flight,  and  the  net  thrust  is  again  determined  from  the  engine  thrust  map. 

In  the  event  of  any  performance  deviation  from  the  predicted  level  of  airplane  performance,  a  knowledge  of  the  contributing  ele¬ 
ments  enables  determination  of  Ihe  source  of  the  deviation  fins  means,  of  course,  that  comparisons  between  predicted  and  achieved 
emu  lie  ami  airtrame  perlorinance  can  he  made  at  this  point  in  time.  Application  of  the  thrust  map  in  this  manner  is  possible  since  the 
loop  between  sea  level  test  stand,  altitude  test  facility,  wind  tunnel  test,  and  flight  test  perlorinance  has  been  closed. 

In  addition  to  allowing  the  separation  of  the  airframe  and  engine  contributions  to  specific  air  range,  the  thrust  map  also  enables 
the  development  ot  II  PR  setting  charts.  These  charts  are  used  by  the  flight  crew  to  determine  the  level  of  II  PR  that  must  he  set  to 
ensure  the  proper  rated  thrust  level  during  aircraft  takeoff  and  climh.  Also,  maximum  cruise  setting  charts  are  used  to  establish  the  air- 
era  It  initial  anise  altitude  when  appropriate.  The  takeoff  II  PR  setting  chart  is  a  function  of  altitude  ami  ambient  temperature,  while 
the  i  limb  ami  maximum  cruise  charts  are  functions  of  Mach  number,  altitude,  and  temperature.  In  all  cases,  the  setting  chart  is  deter¬ 
mined  trom  the  thrust  map  and  the  required  rated  thrust.  High  accuracy  of  the  thrust  map  is  required  m  order  that  application  of  the 
setting  charts  results  m  adequate  levels  of  thrust  without  exceeding  engine  temperature  and  shall  speed  limits. 

I  ue I  flow,  turbine  gas  temperature,  and  shaft  speed  maps  are  also  derived  from  the  flight  lest  data  These  maps  are  important  for 
monitoring  engine  perlorinance  and  integrity  and  are  frequently  used  m  consistency  checks  of  engine  performance. 

PROPl  l  SION  SYS' 1 1  M  AIR1  RAMI  AT  ROD  YN  AM  1C  IMM.  RATION  l*  SI  Rl  Ol'IRI  MTM  S 

Hus  section  presents  the  requirements  for  development  testing  and  demonstration  of  the  aerodynamics  of  the  overall  propulsion 
system  integrated  with  the  airframe.  This  is  a  highly  challenging  area  ot  developing  technology  which  encompasses  nacelle,  inlet,  exhaust 
system,  and  pylon  and  their  mutual  interactions  as  well  as  their  interactions  with  the  wing.  I  his  area  requires  extremely  closely  coordi¬ 
nated  ettorts  between  the  engine  company  and  the  air  framer  because  there  are  many  subtle  trades  between  the  propulsion  system  internal 
flow  and  the  external  flow  around  the  nacelle,  particularly  when  the  aerodynamic  interactions  are  properly  considered. 

One  of  tlie  reasons  aerodynamic  integration  of  the 
piopulsion  system  with  the  airframe  is  so  challenging  relates 
to  the  rapidly  changing  flow  directions  and  Mach  numbers  in 
the  region  of  the  nacelle  as  illustrated  in  f  igure  7.  In  this 
simplified  illustration  of  a  long  nacelle  in  a  conventional  loca¬ 
tion  under  the  wing,  the  wing  flow  field  is  changing  rapidly 
I rnm  an  upwash  ahead  of  the  wing  to  a  downwash  down¬ 
stream  of  the  leading  edge.  In  the  ideal  case,  to  achieve  min¬ 
imum  drag,  the  nacelle  contours  would  he  shaped  to  follow 
the  wing  flow  field  streamlines  in  cruise.  The  resulting 
nacelle  with  a  highly  curved  centerline  is  incompatible  with 
engine  geometry  (straight  centerline)  and  other  considera¬ 
tions  such  as  optimal  inclination  of  the  gross  thrust  vector. 

Accordingly,  compromises  arc  involved  in  arriving  at  a  pro 
pulsion  system  properly  integrated  with  the  airframe.  Hie 
scope  of  (tie  nacelle  design  challenge  is  further  enlarged  by 
the  variety  of  candidate  wing/nacelle  configurations  involv¬ 
ing  both  aerodynamic  and  mechanical  trades,  some  of  which 
are  illustrated  in  I  igure  K. 


Figure  7.  Ideal  Nacelle  Aerodynamic  Contour 


Figure  8.  -  Candidate  Wing  Nacelle  Configurations 
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I'Ir*  development  ot  a  propulsion  system  acrodynamieally  integrated  with  the  airframe  has  to  date  consisted  of  a  combination  ol 
analysis  and  testing  with  heavy  dependence  on  the  latter  While  efforts  are  underway  which  may  reduce  somewhat  future  dependence 
on  testing,  the  emphasis  in  this  discussion  is  on  testing 

Categories  of  development  I estmg 


In  developing  a  new  commercial  transport  aircraft,  the  nacelle  aerodynamic  development  will  proceed  in  parallel  with  the  engine 
development.  The  aid  ranter  will,  of  course,  obtain  from  the  engine  company  the  pertinent  engine  dimensions,  airflows,  pressure  ratios, 
and  other  engine  parameters  that  affect  nacelle  design. 


The  airframe  and  engine  companies  will  proceed  with 
somewhat  parallel  efforts  m  the  areas  of  nacelle  aerodynamic 
lines,  inlets,  and  exhaust  systems  (including  thrust  reverser). 
With  a  new  airplane  and  new  engine  combination,  a  certain 
amount  of  duplication  is  desirable  in  order  to  achieve  the 
best  design  compromises  and  to  validate  performance  trends 
in  the  limited  tune  available.  I  he  propulsion  system  compo¬ 
nents  to  be  examined  are  defined  and  identified  in  f  igure  l>. 
Initially ,  testing  will  be  performed  by  each  company  on  iso¬ 
lated  components  and  integration  will  occur  as  an  iterative 
process  as  the  components  come  together  The  process  is 
necessarily  iterative  because  (  I )  the  new  airplane  and  the  new 
propulsion  system  are  being  developed  simultaneously  and 
(  >1  the  aerodynamic  flows  and  related  integration  processes 
are  complex. 


Figure  9.  Major  Aerodynamic  Contours  Affecting  Performance 


1  wo  categories  of  aerodynamic  development  testing  are  defined  for  the  purpose  of  (his  discussion,  namely  .  <  I I  performance- 
oriented  nacelle  aerodynamic  contour  development,  including,  (a)  nacelle,  (hi  inlet,  and  (cl  exhaust/aftbody /nozzles  and 
(  2 1  functionally  -oriented  aerodynamic  development,  including  (al  inlet/engine  compatibility,  (b)  thrust  reverser  effectiveness,  (cl  thrust 
reverser  airframe  aerodynamic  interactions,  and  Id)  foreign  object  and  hot  gas  ingestion.  Development  of  components  in  these  two  areas 
are  mutually  interdependent,  and  in  some  cases  present  conflicting  configuration  requirements.  Accordingly,  analyses  and  testing  in  the 
two  areas  must  proceed  in  parallel.  Within  the  scope  of  this  paper,  it  is  possible  to  cover  only  the  main,  principal  elements  involved  in 
aerodynamic  development  of  the  propulsion  system.  It  is  also  possible,  because  of  scope,  to  provide  only  limited  examples  of  test  results, 
representing  a  very  small  percentage  of  total  testing  of  an  actual  development  program. 

RESPONSIBILITY 


ENGINE  CO. 


AIRFRAME  CO 


Responsibilities  between  airframe  and  engine  com¬ 
panies  for  development  and  demonstration  testing  of  a  new 
propulsion  system  are  as  proposed  in  Figure  10.  For  some 
components,  the  assignment  of  prune  responsibility  is  obvious, 
such  as  inlet  and  nacelle  contour  development  to  the  airframer. 
In  other  cases,  the  assignment  is  less  obvious,  such  as  the 
exhaust /aftbody.  which  generally  experiences  significant  aero¬ 
dynamic  interactions  with  the  wing  flow  field  and  the  pylon. 

In  such  cases,  parallel,  cooperative,  coordinated  efforts  are 
pursued  jointly  by  both  engine  company  and  airframer  to 
arrive  at  a  mutually  agreeable,  optimal  configuration.  This 
type  of  coordinated  effort  is  essential  in  any  new  airplane, 
new  propulsion  system  program. 
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Performance-Oriented  Nacelle  Aerodynamic  Development 


Figure  10.  Propulsion  System  Airframe  Aerodynamic 
Integration  -  Categories  of  Development  Testing 


Figure  2  shows  the  major  elements  of  performance  oriented  nacelle  aerodynamic  testing  for  an  example  development  program. 
The  testing  proceeds  chronologically  along  the  following  general  lines,  scale  model  tests  of  isolated  inlet  and  isolated  exhaust  systems, 
tests  of  a  How-through  nacelle  on  an  aircraft  model,  tests  of  a  powered  nacelle  on  an  aircraft  model,  sea  level  and  simulated  altitude  static 
engine  exhaust  system  tests,  engine  Hying  test  bed  flight  tests,  and  production  aircraft  flight  tests. 


In  a  new  airplane-new  engine  program,  wherein  development  is  occurring  simultaneously,  schedule  is  the  largest  single  challenge 
It  is.  therefore,  of  paramount  importance  that  development  testing  of  major  components  such  as  nacelle,  inlet,  and  exhaust  be  underway 
at  the  time  of  airplane  program  go-ahead.  This  will  generally  be  the  case  inasmuch  as  preliminary  design,  analyses,  and  supporting  tests 
will  have  been  in  progress  in  anticipation  of  program  go-ahead.  Program  go-ahead  will  initiate  an  acceleration  in  the  configuration  devel¬ 
opment  testing  in  order  to  meet  required  schedules  for  prototype  and  production  hardware. 

Isolated  inlet  and  exhaust  model  tests  are  conducted  by  the  airframer  and  engine  company,  respectively,  early  in  the  or  ►gram 
Both  isolated  low  speed  and  high  speed  tests  are  performed  to  determine  inlet  total  pressure  recovery  and  drug  A  typical  inlet  wind  tun¬ 
nel  model  installation  is  shown  in  Figure  1 1. 


Isolated  exhaust  model  tests  are  conducted  using  a  blown  model  where  externally-supplied  high  pressure  air  is  used  to  simulate 
the  exhaust  How.  A  typical  exhaust  wind  tunnel  installation  is  shown  in  f  igure  1  2.  Figure  1  ^  illustrates  an  example  test  result  of  the 
effect  of  external  How  on  Ian  nozzle  How  coefficient  obtained  from  an  early  model  test. 


Another  example  of  an  early  isolated  exhaust/aftbody  test  is  shown  in  f  igure  14.  wherein  shadowgraph  flow  visualization  illus¬ 
trates  the  sensitivity  of  fan  external  flow  field  to  a  modest  modification  in  exhaust/aftbody  contour.  An  associated  .14  percent  improve¬ 
ment  m  engine  gross  thrust  was  realized,  which  yielded  a  2-1/4  percent  improvement  in  net  thrust  in  this  example. 

The  results  of  isolated  component  tests  and  concurrent  preliminary  design  studies  form  the  basis  for  a  preliminary  baseline  nacelle 
configuration.  Initial  tests  of  this  early  baseline  nacelle  configuration  on  a  scale  model  aircraft  are  with  a  (low-through  nacelle.  The  flow¬ 
through  nacelle,  of  course,  does  not  simulate  the  exhaust  streamtube  of  the  engine.  It  does,  however,  provide  a  cost  effective  means  for 


Figure  13.  External  Flow  Fffecl  on  Nozzle  Discharge  Coefficient 


Figure  14.  Nozzle  Aftbody  Contour  Development 


early  -dudics  of  nacelle  wine  flow  field  interactions  ami  thereby  lor  piclimmary  nacelle  aerodynamic  studies  by  perturbations  around  a 
baseline  configuration  I  he  konfiguration  perturbations  chosen  lor  testing  are  intluenced  by  parallel  analyses  of  trades  between  external 
ami  internal  piopiilsion  system  perlornKinee  am J  weight 

Having  established  a  preliminary  baseline  nacelle  and  pylon  configuration  on  the  basis  ol  isolated  inlet,  exhaust,  and  aircraft: 
nacelle  flow  through  models,  powered  nacelle  testing  is  initialed  A  powered  nacelle  model  is  illustrated  in  I  injure  I  5 

Powered  nacelle  model  development  testing  is  a  particularly  important  part  of  the  nacelle  aerodynamic  development  in  that  it 
pros  ides  exhaust  How  pressures  and  stream  tubes  representative  ol  the  lull-scale  application  in  the  critically  important  region  of  exhaust 
pylon  wing  flow  interactions,  while  introducing  only  a  modest  compromise  in  inlet  streamtube  area  as  illustrated  in  Figure  I  (>  Experi¬ 
ence  has  shown  that  small  changes  in  exliaust/al’tbody.  pylon  configuration  can  a  tied  airplane  performance  by  several  percent  Accord¬ 
ingly  .  powered  nacelle  testing  is  exercised  early  in  the  airplane  development  program.  I  bis  consists  of  testing  a  baseline  I  based  on  the 
preliminary  isolated  components  and  flow-through  nacelle  tests  described  above  I  and  a  number  ot  configuration  perturbations  to  opti¬ 
mize  performance.  I  samples  of  powered  nacelle  testing  are  illustrated  in  figure  I  7.  l  or  configurations  wherein  the  aerodynamic  inter¬ 
ference  can  be  shown  to  be  small,  blown  nacelle  testing  could  be  substituted  for  a  portion  of  the  powered  nacelle  testing. 


Figure  15.  -  Propulsion  System  Airframe  Interaction  Model  Tests 
(Turbine  Powered  Simulator  Testing  Technique) 


Figure  16.  Powered  Nacelle  Simulation  Inlet  and  Exhaust  Flow 
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figure  17.  Effect  of  Configuration  Perturbations  Cruise  Powered  Nacelle 
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Ihe  importance  of  powered  nacelle  testing  is  turlher  underscored  by  the  necessity  of  selecting  the  production  exhaust /a ft hrnly/ 
pylori  configuration  based  largely  on  these  tests  Ihe  selection  may  be  made  on  the  basis  ot  c.m  Willy  measured  force  increments  (as 
contrasted  to  absolutes)  between  configurations  which  are  confirmed  in  trend  by  analyses  ot  pressure  distributions  m  the  wing/nacelle' 
exhaust  flow  regions.  In  the  final  analysis  all  sources  ol  data  will  be  examined  and  correlated  including  isolated  inlet,  isolated  exhaust, 
flow  through  nacelle,  and  powered  nacelle  test  results. 

Wlide  the  Hying  test  bed  is  primarily  lor  functionally  oriented  engine  and  pod  systems  testing  ami  only  approximates  the  (low 
field  of  the  actual  aircraft,  it  nevertheless  provides  timely  data  on  some  aspects  ot  aerodynamic  integration  In  particular,  it  provides  the 
lirst  engine-nozzle  matching  data  for  full  scale  wind-on  conditions  Prior  sinall  scale  model  tests  include  wmd-on  iperatjon  but  full  scale 
ground  and  altitude  facility  tests  of  the  engine  with  exhaust  nozzle  arc.  of  course,  wind-off  Similarly,  the  Hying  lest  bed  provides  the 
first  full  scale  in  flight  inlet  pressure  recovery  data  A  photograph  ot  the  VC  10  Hying  test  bed  used  m  (Ik-  I  101  I -KB  -1  I  development 
program  is  shown  in  figure  IX. 


Figure  18.  Flying  Test  Bed 


In  order  to  properly  understand  the  propulsion  system  airframe  aerodynamic  interactions,  static  pressure  surveys  will  be  made 
during  the  production  aircraft  flight  test  program  on  the  nacelle,  pylon,  engine  ufthody  and  wing  lower  surface  in  the  How  channel  area 
bounded  by  wing  and  nacelle.  ITiese  surveys  are  of  principal  interest  in  the  altitude  cruise  condition.  The  pressure  measurements 
obtained  are  normalized  and  compared  with  scale  model  powered  exhaust  wind  tunnel  data  as  illustrated  in  Figure  l‘f  I  he  purpose  of 
these  comparisons  is  to  determine  whether  any  significant  Reynolds  number  effects  exist  relative  to  the  scale  model  data. 

I  lie  end  result  ot  propulsion  system  atrlrame  ae ro¬ 
ds  n.imk  integr.ith  n  development  is  the  demonstration  of  net 
performative  on  the  production  aircraft  m  flight  lest.  I  samples 
of  results  of  this  nature  are  illustrated  in  terms  of  improvements 
m  specific  an  range  lor  various  exhaust  afthodies  m  Figure  20 

l  unctionally  Oriented  Aerodyna nuc  Development 

Inlet -I  ngme  Compatibility  Inlet-engine  compatibility  is  one 
of  the  schedule  critical  development  areas  in  any  new  airplane  - 
new  engine  program.  Compatibility  testing  consists  ot  three 
lime,  schedule  oriented  phases  (illustrated  in  Figure  21  ). 
namely.  ( I  )  wind  tunnel  model  inlet  distortion  and  calculated, 
estimated  compatibility.  ( 2)  screen  generated  distortion  testing 
with  engine  and  (1 )  inlet -engine  compatibility  testing  with 
actual  inlet  and  engine.  Ihe  compatibility  evaluations 
(f  igure  21  ).  become  progressively  more  realistic  with  each 
successive  phase  ol  the  testing  program. 

I  lie  Phase  I  effort  consists  of  a  relatively  crude  look  at  inlet-engine  compatibility.  It  is  based  on  scale  mode!  inlet  test  data  and 
the  engine  c  ompany  estimate  of  fan  and  compressor  distortion  tolerances  I  he  inlet  may  not  he  the  final  configuration,  and  the  distor¬ 
tion  tolerance  estimates  will  he  based  on  rig  or  research  tests  which  only  approximate  the  final  fan  and  compressor  vn:; figurations. 


Accordingly.  Phase  ).  comparing  inlet  distortion  indices  with  fan  compressor  indices,  represents  a  preliminary  but  necessary  evaluation 
of  compatibility  This  exercise  is  repeated  as  the  inlet  and  Ian  compressor  configuration  development  proceeds. 
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Figure  19.  Flow  Channel  Pressure  Survey  Cruise 
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Figure  20.  Fngine  Primary  Aflbody  Development 
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Figure  21 .  lnlet-Fngine  Distortion  Compatibility  Test  Requirements 


Hie  Phase  2  effort  consists  of  full  scale  distortion  testing  of  a  development  (experimental)  engine.  The  distortion  is  generated  by 
various  screen  arrangements  in  the  duct  ahead  of  the  engine.  I  an  and  compressor  flow  stability  and  performance  are  determined  for  a 
wide  range  of  inlet  flow  distortion  patterns,  including  the  inlet  How  distortion  patterns  supplied  by  the  airframe  company  based  on  scale 
model  inlet  tests.  These  patterns  simulate  cross-wind,  takeoff,  aircraft  stall,  and  cruise  conditions.  The  engine  company  may  elect  to  test 
certain  screen  distortion  patterns  more  severe  than  any  supplied  by  the  airframe  company  in  order  to  obtain  the  stability  limits  of  fan 
and  coni  pressor 

Although  Phase  2  is  a  very  important  and  necessary  element  of  the  inlet-engine  compatibility  development  program,  it  still  repre- 
>ents  an  approximate  simulation  of  the  actual  How  because  the  screen  generated  distortion  does  not  provide  the  turbulence  levels  that 
will  be  encountered  by  the  engine  with  the  actual  inlet.  The  levels  of  flow  turbulence  associated  with  actual  inlet  pressure  distortion  can 
have  significant  effects  on  fan  and  compressor  stability.  It  is.  therefore,  of  crucial  importance  to  initiate  Phase  3  testing  at  the  earliest 
possible  time  Phase  3  consists  of  two  major  categories:  ( I  )  ground  testing  an  engine  with  the  full  scale  inlet  using  crosswind  generators 
and  ( 2 1  flight  testing  the  engine  with  the  production  inlet  in  (a)  the  Hying  test  bed  and  (h)  the  actual  flight  test  aircraft. 

I  he  ground  testing  consists  ot  operating  an  engine  over  a  wide  range  of  steady-state  power  settings  and  wind  directions  including 
crosswinds,  headwinds,  and  tailwinds.  Throttle  bursts  and  retards  are  accomplished  at  key  crosswind  and  quartering  wind  conditions. 

Hie  simulated  crosswind  velocities  range  from  approximately  20  to  60  miles  per  hour.  Stable  (surge  free)  engine  operation  during  this 
testing  provides  a  high  confidence  level  in  inlet-engine  compatibility.  The  ground  testing  part  of  the  Phase  3  inlet-engine  compatibility 
testing  can  be  accomplished  at  a  relatively  early  date  by  using  a  development  engine  along  with  a  development  inlet.  Both  the  engine 
and  inlet  approximate  the  production  configurations.  If  any  differences  in  configuration  occur  between  this  test  and  the  production 
inlet  and  engine,  the  test  would  he  repeated. 

In  the  flying  test  bed  part  of  Phase  3,  the  pod  is  placed  in  a  flow  environment  (local  Mach  number,  local  flow  angle,  etc.)  which 
simulates,  insofar  as  practical,  the  flow  environment  of  the  production  aircraft.  Accordingly,  during  the  flying  test  bed  phase  it  is  possi¬ 
ble  to  approximate  extreme  operating  conditions  such  as  aircraft  stall  (high  iocal  angles  of  attack),  large  aircraft  yaw  angles,  etc.,  which 
will  be  of  the  same  order  of  magnitude  as  those  of  the  production  aircratt.  Again,  a  high  degree  of  confidence  in  inlet-engine  compati¬ 
bility  will  emerge  as  a  result  of  this  testing. 

The  definitive  test  of  inlet-engine  compatibility  consists  of  demonstrating  engine  flow  stability  with  the  production  inlet  and 
engine  on  the  production  flight  test  aircraft.  As  part  of  this  program,  the  inlet  is  usually  fitted  with  a  rake  consisting  of  a  large  number 
of  pitot  tubes  (60  to  80)  just  ahead  of  the  engine  face. 


Hie  ultimate  test  consists  of  demonstrating  the  capability  of  the  engine 
to  operate  in  a  stable  manner  during  extreme  operating  conditions,  such  as  air¬ 
craft  stall,  maximum  operational  yaw.  and  high  crosswinds  and  quartering 
winds.  I  his  demonstration  is.  of  course,  accomplished  during  the  flight  test 
certification  program.  As  a  part  of  the  inlet-engine  compatibility  testing,  a  few 
key  rake  probes  will  be  instrumented  with  fast  response  transducers  to  deter¬ 
mine  both  externally  and  internally  generated  dynamic  distortion.  lire  inlet 
distortion  rake  data  will  be  examined  in  terms  of  1 1 )  tin*  basic  How  pattern 
characteristics  and  <  2 >  distortion  indices  which  will  lx*  compared  with  the 
engine  allowable  indices. 

I  wo  examples  of  inlet-engine  compatibility  test  results  are  illustrated  in 
I  igure  22.  namely,  i  I )  an  engine  face  total  pressure  recovery  pattern  at  aircraft 
rotation  and  <  3)  m -flight  inlet  distortion  index  expressed  as  a  percentage  of  the 
engine  allowable  limit.  Both  the  basic  distortion  patterns  and  the  comparison 
of  inlet  and  engine  indices  become  part  of  the  final  demonstration  and  substan¬ 
tiation  of  inlet-engine  compatibility. 

1'hrust  Heverser  I  Ifectiveness  and  Airframe  Aerodynamic  Interactions  Ihrust 
reverser  effectiveness  (measured  reverse  thrust  as  a  percentage  of  nozzle  gross 
thrust  m  the  forward  thrust  model  is  the  prime  responsibility  of  the  engine 
company  as  indicated  previously.  The  purpose  of  the  present  discussion  is  to 
outline  broadly  the  efforts  involved  in  achieving  a  target  level  of  effectiveness. 

These  efforts  progressively  lead  from  basic  reverser  into  the  more  sophisticated 
phase  of  reverser  development,  namely,  reverser-airlrame  aerodynamic 
interactions 

In  anticipation  of  airplane  program  go-ahead,  the  engine  company  will 
conduct  scale  model  tests  of  axially  symmetric  reverser  cascades  to  determine 
reverser  cascade  thrust  effectiveness  and  flow  coefficients.  Accordingly  ,  force 
and  flow  measurements  will  be  made  In  addition,  sufficient  pressure  measure¬ 
ments  will  be  made  to  check  the  estimated  turning  losses  used  in  preliminary 
reverser  performance  calculations  and  to  relate  turning  losses  and  force  measure 
merits  of  reverse  thrust. 

Prior  to  program  go-ahead,  the  engine  company  and  airframe  company 
will  agree  to  a  target  level  of  thrust  reverser  effectiveness.  The  airframer  will 
also  supply  estimates  of  the  flow  patterns  from  the  reverser  which  are  tolerable 
m  terms  <>t  interference  with  airplane  control  and  effects  on  lift  and  drag 

The  next  step  in  thrust  reverser  development  testing  by  the  engine  company  will  involve  blocking  various  areas  in  a  scale  model 
lan  reverser  to  produce  the  tolerable  flow  patterns  estimated  by  the  airframer.  Ibis  testing  will  indicate  the  degradation  in  reverser  effec¬ 
tiveness  due  to  cascade  blockage. 

Very  early  in  the  reverser  development  program,  the  airframe  company  will  he  testing  a  scale  model  of  the  complete  airplane. 
Initially .  testing  with  relatively  small  blockage  of  the  reverser  cascades  will  be  done  to  determine  effects  of  t!,e  re  verse  rs  on  airplane  lift, 
drag,  and  stability  and  control  for  ( I  )  ground  operation.  (2)  in-flight,  but  in  ground  effect,  and  (3)  in-flight.  A  number  of  reverser  block¬ 
age  patterns  will  then  be  tested.  Photographs  of  a  1  '20  scale  wind  tunnel  model  of  the  l  - 101  I  used  in  wing  and  center  engine  reverser 
development  testing  are  shown  in  I  igure  23. 


f  igure  23.  Thrust  Reverser  Aircraft  Interactions  Model  Tests 


In  an  essentially  parallel  eltort.  the  engine  company  will  be  testing  (lie  more  promising  reverser  blockage  patterns  from  the  nr- 
tramer  s  wind  tunnel  model  tests  to  obtain  the  effects  on  thrust  reverser  ellectivenexs.  I(  is  clear  that  thrust  reverser  development  is  an 
iterative  process. 
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Figure  22.  Inlet-Engine  Compatibility 


I  light  tests  will  ho  conducted  to  chock  tlu*  thrust  rovorsor  performance.  This  will  involve  aircraft  landing  tests  wherein  the 
reverser  is  applied  after  landing  goal  touchdown  and  aircraft  deceleration  is  measured  during  the  landing  run  roll  out  Knowing  the  air¬ 
craft  drag  from  the  previously  described  ground  deceleration  testing,  the  rolling  friction  coefficient,  and  aircraft  weight,  the  net  reverse 
thrust  deceleration  torce  is  calculated.  Hie  results  of  this  calculation  are  then  compared  with  the  predicted  reverse  thrust  during  the 
landing  run  roll  out. 

I  o,eign  Object  and  Hot  this  Ingestion  Foreign  object  ingestion  and  hot  gas  ingestion  during  thrust  reverser  operation  require  attention 
reasonably  early  in  the  program  to  ensure  a  well  integrated  propulsion  system-airframe  combination  and  can  influence  the  selection  of 
reverser  cascade  pattern  configuration.  The  engine  company  has  prime  responsibility  in  this  development  effort. 

I'lie  airframe  and  engine  companies  will  agree  to  a  thrust  reverser  cancellation  speed  by  the  time  of  airplane  program  go-ahead. 
Major  objectives  such  as  thrust  reverser  effectiveness,  airframe  reverser  aerodynamic  interactions,  structural  loads,  and  back  pressure  dis¬ 
tortion  on  the  fan  will  have  established  the  general  reverser  cascade  llow  patterns  fairly  early  in  the  propulsion  system  development  pro¬ 
gram  I  he  engine  company  will  then  conduct  scale  model  tests  of  a  complete  air]  lane  model  over  speeds  ranging  from  zero  to 
approximately  100  miles  per  hour.  Two  tests  will  be  performed  <  I )  simulated  foreign  object  ingestion  and  (2)  simulated  hot  gas 
ingestion. 

In  the  simulated  foreign  object  ingestion  tests,  flow 
visualization  is  achieved  by  using  smoke  or  steam  for  the  reverser 
llow  medium.  With  the  aid  of  this  technique  the  degree  of 
reverser  flow  penetration  into  the  treestream  can  be  visualized  as 
a  boundary  on  the  wind  tunnel  floor  (simulating  the  runway  ). 

Pie  boundary  moves  forward  at  low  speeds  and  aft  at  higher 
speeds  as  illustrated  qualitatively  m  Figure  24.  Small  particles  of 
appropriate  scale  are  introduced  along  this  boundary  and  the 
number  of  particles  captured  in  the  engine  inlets  are  recorded. 

This  test  gives  an  approximate  indicati  .i  of  the  reverser  cancella¬ 
tion  speed  for  low  probability  of  foreign  object  ingestion 

In  the  simulated  hot  gas  ingestion  tests,  steam  or  hot  air 
is  used  as  the  reverser  flow  medium.  Thermocouples  are  placed 
at  key  areas  in  the  inlets  and  around  the  nacelles,  wing,  fuselage 
and  landing  gear.  In  general,  at  the  reverse  cancellation  speed, 
hot  gas  ingestion  is  not  a  problem  for  current  technology  high 
by  pass  engines  having  conventional  installations.  The  impinge¬ 
ment  of  reverser  air  on  surrounding  aircraft  surfaces  has  also  not 
posed  any  problems. 

CLOSING  Rl  MARKS 

Pie  highlights  ot  a  propulsion  system  performance  development  and  demonstration  program  for  a  next  generation  aircraft  and 
engine  combination  have  been  presented,  resting  requirements  and  associated  rationale  were  discussed  for  <  I )  basic  engine  performance 
and  (2)  propulsion  system  integration  with  airframe. 

For  a  new  aircraft -new  engine  combination,  both  incorporating  advances  in  technology  and  undergoing  development  simultane¬ 
ously  schedule  >s  the  single  hugest  challenge.  Mii\  follows  from  the  fact  that  development  of  the  full  performance  potential  is  an  inter¬ 
active.  iterative  process  involving  propulsion  system  and  airframe.  While  the  development  of  individual  components  proceed  in  parallel, 
flic  basil,  schedule  challenge  is  one  of  developing/refining  major  components  while  simultaneously  including  the  interactive  effects 
between  components.  I  his  involves  innovative  planning  to  ensure  that  the  level  of  design/ per  form  a  nee  development  remains  consistent 
amnm:  the  mjior  components  as  the  overall  aircraft -engine  development  program  proceeds. 

I  his  challenge  can  be  met  successfully  by  implementing  ( I )  substantial  preliminary  design,  analyses,  and  testing  prior  to  program 
e  ■  ilie.nl  and  ( 2  i  extremely  close  coordination  including  planning  and  scheduling  between  airframe  and  engine  companies  in  the  areas  of 
•vim-  perlorinancc  and  propulsion  system-airframe  integration. 

Rl  l  I  Rl  V  I  S 

Hoppv  R  If.  and  Danfnrth.  I  (  .  H..  ’‘Correlation  of  Wind-1  unnel  and  Flight -Test  Data  for  the  Lockheed  l -101  1  Tristar.** 

;  i',xcuted  at  the  AGARI)  I  MP  Specialists  Meeting.  Paris,  France.  October  1 1-1.1,  )077. 


Figure  24.  -  Thrust  Reverser  Model  Testing 
Foreign  Object  Ingestion 


DISCUSSION 


M. Mihail,  B  urcau  Veritas.  l  r 

(  I  )  What  is  your  opinion  on  the  accuracy  of  the  measuring  instrumentation  used  on  aircraft  as  compared  to  that 
used  on  the  test  stand  at  the  time  of  certification  or  when  the  engines  are  delivered'.’ 

(2)  Is  there  a  correlation  between  on-the-test-stand  vibration  and  oil-aircraft  vibration  concerning  the  same  engine'.’ 
You  spoke  of  maximal  values.  Do  you  think  that,  given  the  accuracy  of  the  instrumentation  which  you 
mentioned,  they  are  identical  in  both  cases'.’  I  bis  is  a  more  specific  instance  of  my  first  question 

Author's  Reply 

( I  I  In  response  to  your  first  question,  the  accuracy  of  instrumentation  on  aircraft  and  on  the  test  stand  are  very 
comparable  in  my  opinion.  We  take  great  care  in  the  calibration  of  the  llight  test  instrumentation.  The  engine 
companies  have,  over  the  years,  developed  similar  techniques  so  that  it  is  my  belief  that  the  instrumentation 
accuracy  on  the  aircraft  and  the  test  stand  arc  very  similar.  I  think  the  best  check  that  one  can  get  on  the 
j "curacy  of  any  experimental  data  is  to  have  several  different  sources  of  data  and  compare  the  results. 

(  ’ )  Regarding  your  second  question  I  did  not  discuss  vibration  in  my  talk.  This  question  is  out  of  my  field  of 
specialization  and.  therefore.  I  will  leave  it  to  the  dynamicists 
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RESUME 

La  rentability  yconomique  d'un  avion  civil  bi-ryacteur  repose  pour  une  grande  part  sur  ses  performances 
de  dycollage  ;  il  est  done  tr£s  important  de  connaitre  Involution  de  la  poussye  instaliye  des  ryacteurs 
durant  cette  phase  do  vol. 

Celle-ei  est  caractyrisye  par  une  utilisation  particuli^re  des  moteurs  qui  impose  £  l'avionneur  : 

-  l'ytude  des  relations  liant  la  poussye  au  paramytre  de  conduite  principal  du  moteur, 
apr^s  avionnage,  aussi  bien  aux  ryqimes  yievys  qu'&  ceux  des  ralentis  et  de  moulinet, 

-  mtude  de  involution  de  ce  m§me  parametre  de  conduite  lors  du  dycollage  (a  position  de 
manette  constante)  me  aux  phynomenes  dynamiques  et  thermiques  auxquels  est  soumis  le 
moteur . 

Les  systemes  de  ryqulation  actuellement  mis  en  oeuvre  contrdlent  impar faitement.  apres  l'ajustement  de  la 
manette  ce  parametre  de  conduite  provoquant  une  dispersion  de  ses  yvolutions.  Pour  la  prochaine  qynyration 
de  moteurs,  les  motoristes  proponent  des  ryqulations  plus  performantes ,  ce  qui  devrait  permettre  d'amy- 
liorer  les  performances  et  la  durye  de  vie  des  moteurs. 

Notations 

EN  :  poussye  nette 

WEE  :  dybit  carburant 

N1  :  vitesse  de  rotation  du  corps  basse  pression 
N2  :  "  "  haute  presssion 

EGT  :  tempyrature  sortie  turbine  basse  pression  pour  PWA 

haute  pression  pour  GE 

Indices 

5  :  calcuiy  &  1'aide  du  programme  de  ealcul  de  simulation  du  fonctionnement  stabilisy 

du  moteur, 

C  :  calcuiy  h  l'aide  des  menu res  effectives  en  vol, 

E  :  estimy  k  l'aide  des  valours  cn leu lyes  (C)  et  de  1'nnalyse  de  la  polaire. 


INTRODUCTION 


La  recherche  des  raracttfrist  iques  qui  permettent  Ur  determiner  les  performances  d'un  avior>  au  rI6col- 
laijR  rsI  l'un  des  huts  des  essais  hi  vol  effect  lies  par  un  avionneur.  f'n  effet  , 

I  *  importance  commorciale  do  con  performances,  assoc i £e  aux  exigences  dp  s^curit*5,  impose  qu'il  pos¬ 
sible  la  me i  Usurp  connaissance  possible  des  caracti*rist  iques  a^rodynamigues  do  la  cellule  ainsi  gue  des 
pnussees  disponibles  au  cours  de  cettc  phase  de  vol . 

L 'estimation  de  la  poussee  er.t  rendue  delicate  par  le  Tail  que  le  d£collnge  est  la  seule  phase  de  vol 
pour  laquelle  1 'equipage  ne  contr61e  pas  b  tout  moment  le  parambtre  represent.atif  de  la  poussee. 

La  manette  des  (jaz  est  amenee  a  la  position  qui  permet  d'obtenir  le  CPR  ou  le  regime  fan  desire  b 
M  v  U,1,  puis  elle  est  laissee  fixe  durant  le  dtfcollaqe.  L'evolution  du  parametre  de  conduite  £tant, 
pendant  cette  seconde  phase,  influencee  par  la  mise  de  *ja/  et  par  la  mise  en  equilibre  thermique  des 
composants  du  moteur. 

II  a  done  etd  n^cessaire  de  dtffinir  deux  types  d ’essais  nous  permettant  : 

-  de  definir  tout  d'abord  les  relations  liant  la  poussee  au  parambtre  de  conduite  en  fonction- 
nement  stabilise 

-  de  definir  enfin  Involution  de  ce  m§me  parambtre  de  conduite  au  cours  du  d^collage. 

Ces  essais  permettront,  d'une  part  de  corriqer  le  programme  de  calcul  simulant  le  fonctionnement 
stabilise  du  moteur  et  donnant  ses  performances,  et  d'autre  part  de  determiner  1* influence  des 
phenom&nes  dynamiques  et  thermiques  sur  la  poussee. 


1.  -  1  TUDF  Df.S  RELATIONS  LIANT  LES  CARACTERI ST I(JI ICS  PRINCIPALS  DU  MOTEUR  AU  PARAMETRE  DC  CONDUIT!!  CN 
LONCT IUNNCMCNT  STAUILISC 

1.1  -  Ctude  des  regimes  eieves 

Dans  dps  conditions  de  vol  semblables  et 
dans  la  m@me  configuration  aerodynamique 
de  1 'avion,  sont  effectues  des  essais  balay- 
ant  b  la  Fois  la  zone  utile  de  la  polaire  et 
les  regimes  utilises  par  le  moteur  lors  des 
decollages. 

Durant  ces  essais,  on  enregistre  les  parametres  caracterist iques  du  moteur  ainsi  que  les  va- 
ieurs  necessaires  au  calcul  de  la  poussee.  Ces  enreqistrements  r.^us  permettent  tout  d'abord 
de  comparer  pour  chaque  point  d 'essais,  les  caracteristiques  mesurees  avec  celles  prevues 
par  le  programme  de  calcul,  puis  d’etablir  les  corrections  b  apporter  a  ce  dernier. 

( Voir  F igure  1  1 

l 'analyse  de  la  poussee  est  plus  delicate  car  elle  n'est  pas  mesur^e  en  vol  mais  calcultfe, 
d'une  part  b  1 'aide  des  pressions  ot  des  temperatures  des  flux,et  d'autre  part  b  1 'aide  des 
coefficients  de  tuyfrre  estim^s  lors  d'essais  sur  maquotte  et  au  banc  statique.  Mais  du  fait 
que*  les  taux  de  detente  trouv^s  lors  des  essais  en  vol  sont  gdn^ralement  suptfrieurs  b  ceux 
qui  existent  au  cours  des  essais  effectues  au  banc  statique,  la  precision  de  la  poussee  ob- 
tenue  e3t  lifle  b  cello  de  1 ' extrapolation  des  coefficients  de  tuybre.  Aussi  est-il  necessai- 
re  rle  verifier  les  pouss^es  calcultfes  b  l'aide  d'une  approehe  utilisant  les  caracteristiques 
ar'*rodynamiques  de  l'avion  (Voir  F igure  ?). 

Four  ehnquo  riivenu  de  poussee  (ou  valour  du  parnmMre  de  conduite)  on  determine  uno  polairc 
C  x  =  f(I !/).  (In  pent  alnr-i  el  tidier  l'evolution  de  ces  polnirc’s  en  fonc'tion  lies  divorr.es  valours 
flu  parametre  do  curiduile. 
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Tout  o  variation  significative  mettra  alors  en  Evidence  une  mauvaise  estimation  des  coefficients 
de  tuyere  sur  1 'avion.  Partant  de  I’hypothfcse  gue  la  poussee  calcuide  est  corrects  pour  les 
taux  de  detente  obtenus  au  banc,  on  riefinit  la  pnlaire  de  l'avion,  puis  on  caJcule  ies 
corrections  S  apportnr  In  poussee  du  moteur  afin  de  rendrc  la  polaire  ind£pendante  du  para- 
metre  de  conduit e. 

Deux  cxemplos  de  correctiotis  definies  apres  les  ossais  en  vol  sont  prtfsenttfs  sur  la  Figure  3, 
1.2  -  Etude  des  bas  regimes 

Afin  de  mieux  determiner  les  caracteristiques  de  l'avion,en  particulier  dans  les  phases 
d' envoi,  outre  l 'etude  des  poussces  aux  regimes  elevtfs,  il  est  egalement  necessaire  de  con- 
nattre  avec  precision  la  trainee  de  moulinet  et  les  poussces  aux  bas  regimes. 

En  cffet,  il  est  parfaitement  possible  d'effectuer  les  essais  de  mesuro  de  pente  de  montee 
avec  un  moteur  eteint,  done  simulant  la  panne  moteur.  En  revanche,  tous  les  essais  d'acceiera- 
tion  monomoteur  et  d'envol  peuvent  uniquement  6tre  effectu^s  avec  un  moteur  au  ralenti  pour 
des  raisons  de  securite. 

Il  sera  done  necessaire  ,  lors  de  1 'analyse  des  essais  en  vol,  de  retrancher  la  poussee  de 
ralenti  et  d’ajouter  dans  1 'etablissement  du  Manuel  de  Vol  la  trainee  du  moteur  eteint. 

Pour  determiner  la  difference  entre  ces  deux  termes,  nous  effectuons,  au  cours  du  mfime  vol 
lor^  de  mesure  de  pente  de  montee,  des  essais  balayant  une  polaire  avec  un  moteur  au  moulinet 
puis  avec  ce  moteur  au  regime  ralenti.  5i  l’estimation  des  caracteristiques  &  bas  regime  a 
ete  correcte,  les  deux  polaires  seront  confondues.  Si  cela  n’est  pas  le  cas,  il  faudra  en 
admettant  que  la  poussee  au  ralenti  est  correcte,  par  exemple,  corriger  l'autre  pour  obtenir 
leur  coincidence.  On  ut itinera  ces  corrections  pour  depouiller  les  essais  en  vol  et  6ta- 
blir  le  manuel  de  vol. 

A  l'aide  de  ces  essais  et  do  1' analyse  effectuee,  on  dispose  alors  dun  programme  simu¬ 
lant  le  moteur  en  fonct ionnement  stabilise,  et  du  moyen  de  corriger  les  essais  effectugs  au 
ralenti.  Il  ne  reste  plus  qu'&  determiner  Involution  de  la  poussee  au  cours  du  decol- 
laqe. 


-  ETUDE  DU  DECOUAGE 


Lors  du  decollage  , l 'utilisation  des  moteurs  actuels  se  divise  en  deux  phases  :  la  mise  en  gaz  et  le 
fonct ionnement  a  angle  manette  constant.  (Voir  figure  4). 

Le  pilote,  apres  avoir  ISche  les  freins,  cherche  &  afficher  en  quelques  secondes  le  regime  neces- 
saire  pour  effectuer  le  decollage.  Durant  cette  phase,  1 'evolution  de  la  poussee  depend  de  la  ma- 
ni6re  dont  a  ete  effectude  la  mise  des  gaz.  C'est  pourquoi  on  prend  en  compte  1 'evolution  qui  cor¬ 
respond  h  la  procedure  preconisee  dans  le  manuel  de  vol.  En  effet,  toute  variation  par  rapport  & 
cette  poussee  n'a  qu'une  faible  influence  sur  les  performances  de  l'avion. 

Apr6s  I 'ajustement  de  la  manette,  le  paramfctre  de  commande  (ou  PLA)  est  stabilise.  Cependant,  le 
moteur  est  sounds,  d'une  part  aux  inerties  dynamiques  et  thermiques  de  ses  composants  provoques  par 
la  mise  de  rja/  rapido  ;  et,  d' autre  part,  aux  influences  successives  de  1 1  acceleration,  puis  de  1 'en¬ 
voi  de  l'avion.  Aussi,  1' evolution  de  ses  caracteristiques  di ffere-t-elle  de  celle  donnde  par  le 
programme  de  calcul  s imilant  le  inoteu**  en  fonctionnement  stabilise. 


Afin  de  determiner  ces  differences  et  d’evaluer  la  poussee  disponible  au  cours  du  decollage,  on 
effoctue  un  nombre  important  de  decollages  pour  chaque  procedure  de  mise  de  gaz  envisagee  (manuel le 
et  automatique)  et  pour  plusieurs  valeurs  du  parametre  &  afficher. 


Au  cours  de  chaque  dEcollage,  lea  parambtres  suivants  sont  enreqistrEs  en  fonction  du  temps  :  para- 
metre  de  conduite,  angle  manette,  vitessc  et  altitude  de  l'avion,  temperature  ambiante.  A  l'aide  de 
cos  enregistrement s,  on  determine  1' instant  b  partir  duquol  la  position  de  la  manette  des  qaz 
resto  fiqEr  ;  on  detinit  ainsi  le  point  d'ajustement .  Le  programme  de  calcul  donne  les  caractEristiques 
stabilisEes,  1 'angle  manette  qui  correspond  aux  conditions  de  vol  et  5  la  valeur  du  parambtre  de  con¬ 
duite  enreqistrE  b  cet  instant0.  11  est  ensuite  calculi,  b  chaque  instant  du  dEcollage,  l'EPR  ou  N1 
(tonne  par  ce  programme  pour  les  conditions  rEelles  de  vol  et  pour  PLAo.  On  obtient  ainsi  Involution 
stabiliseo  (|u’;mrait  eue  r ■'  parambtre  de  conduite  et  on  la  compared  son  Evolution  rEelle. 

(Voir  F igure  •?  ) . 

11  est  done  possible  de  determiner  pour  chaque  procedure  de  mise  de  gaz  ainsi  que  pour  cb^qje  niveau 
de  poussEe,  1' influence  dos  phonombnejj  dynamigues  et  thermiques  sur  1 'evolution  du  parambtre  de  con¬ 
duite.  le  niveau  et  la  dispersion  des  hearts  obtenus  nous  permettent  de  choisir  la  procedure  de  mise 
de  gaz  la  plus  appropriate  au  moteur  considErE,  et  de  definir  1' influence  du  niveau  de  poussEe. 

La  Fiqure  6  montre  les  evolutions  obtenues  sur  deux  types  de  moteurs,  jusqu'b  2  mn  apres  l'ajustement 
de  la  manette.  Cen  evolutions  sont  EtudiEes  sur  l'un  des  moteurs  maintenu  au  regime  de  dEcollage, 

1* autre  Etant  au  ralent  i,  pendant  5  et  10  mn  afin  de  simuler  les  conditions  reelles  de  vol  rencontrEes 
lors  d'une  panne. 


A  partir  de  devolution  du  parambtre  de  conduite  et  des  relations  qui  lient  la  poussEe  b  ce  dernier, 
def inies  dans  la  premiere  partie,  nous  dEterminons  une  loi  : 

A  FN/p^  =  f(t,  C0NDaff)  (ou  COND^  est  la  valeur  du  parambtre  de  conduite 
affichEe)  pour  chaque  procedure  de  mise  de  gaz  retenue,  manuelle  ou  automatique. 

On  choisit  1'ecart  de  poussEe  le  plus  pEnalisant  pour  1'utiliser  dans  les  calculs  qui  dEfinissent 
les  performances  de  l'avion  en  vue  de  1 'Etablissement  du  Manuel  de  Vol.  Les  poussEes  disponibles 
sont  alors  dEtenninEes  comme  suit  : 

-  lecture  de  la  courbe  dc  conduite  et  calcul  des  caractEristiques  du  moteur  &  M  =  0,1  a  l'aide 
du  programme  de  calcul  stabilise  corrige 

-  definition  du  PI. A  correspondant.  b  ce  point 

-  calcul  des  performances  du  moteur  stabilise  pour  les  nombres  de  Mach  et  les  altitudes  necessaires 

-  prise  on  compte  de  l’influence  des  phEnornenes  dynamiques  et  thermiques  en  fonction  du  temps  lors 
du  calcul  des  performances  avions. 

-  RfGUt-AfUWS  P /TORES 

Ces  er.sais,  tout  en  permettant  d'estiiner  la  poussEe  disponible  lors  d'un  dEcollage,  mettent  aussi  en 
evidence  une  certainc  dispersion  des  Evolutions  de  l'EPR  ou  du  Ml,  et  done  de  l'EGT,  >our  une  mbme 
procedure  dc  mise  de  gaz.  II  rEsulte  de  cellr-ci  que  pour  la  plus  grande  majority  des  cas,  l'LGT 
obtenu  est  super ieur  b  eoiui  qui  correspond  a  ia  poussee  utilisEe  pour  1 ’ Etablissement  du  Manuel  de 
Voi.  Ce  phenomena  dEtEriore  prematurErnent  les  moteurs  de  faqon  inutile.  Les  progrbs  do  1 ' Electronique 
ont  conduit  les  motoristes  a  definir  den  systemes  qui  permettront^  sur  les  nouveaux  motcurs,de  reguler 
directement  le  parambtre  de  conduite  rcprEsentat i f  de  la  poussee. 

i 

Guellrsque  soient  1 'altitude  et  la  tempErature  du  terrain,  le  pilote  ambnera  la  manette  des  qaz  b 
une  position  fixe  pour  le  dEcollago.  Selon  le  construct cur,  1 'EEC  ou  le  PME  rEguleront  b  tout  instant 
1'fPR  ou  le  regime  fan  b  pnrtir  de  lois  fonctions  de  la  temperature,  de  1 'altitude  et  du  nombre  de 
Mach,  rondant.  ainsi  leur  Evolution  repEtitive.  Ces  systbmes,  mbme  s'ils  ne  suppriment  pas  les  essais, 
tnuji'iirs  nEcessaires  pour  Evaluer  les  evolutions  naturelies  des  moteurs  lors  de  la  conduite  manuelle, 
runt  ribuent  b  augment  or  leur  duree  de  vie  et/ou  la  poussEe  ut i  1  i sable . 
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SUMMARY 

A  summary  is  given  of  the  objectives  for  the  testing  programme 
of  modern  civil  transport  engines.  A  typical  modern  testing 
programme  is  described  covering  timescale,  test  hours,  number 
of  engines  and  the  different  types  of  testing,  such  as 
performance,  environmental,  systems  and  mechanical  testing. 

The  effects  on  the  programme  of  parts  with  long  lead  times, 
and  the  requirements  for  separate  component  testing  are 
addressed.  The  testing  conducted  for  manufacturers  purposes 
and  that  required  by  the  certification  authorities  are  compared, 
both  for  complete  engines  and  for  separate  components  and  rigs. 
Typical  test  progrannies  in  altitude  test  facilities  and  in 
flight  are  covered.  Comparisons  are  drawn  between  modern 
programmes  and  associated  techniques,  and  those  in  the  recent 
past.  The  paper  concludes  with  a  look  at  the  future,  including 
the  influence  of  new  materials  and  the  demands  of  higher  fuel 
ef  f iciency . 


1 .  INTRODUCTION 


This  paper  examines  the  Development  Programme  required  to  take  a  typical  commercial  fan  jet  from  draw¬ 
ing  board  to  Certif ication. 

Before  discussing  the  detail  it  is  relevant  to  briefly  review  the  background  from  which  today* s 
engines  evolved  and  look  in  particular  at  the  Rolls-Royce  RB  211  which  has  provided  the  experience  on 
which  this  paper  is  based. 

The  modern  wide  bodied  airliner  evolved  to  meet  the  need  that  became  evident  in  the  Mid  *60*s  for  an 
economical  form  of  mass  air  transport  which  was  compatible  with  existing  airports  and  the  comtnunit ies 
around  them.  The  engine  manufacturers  were  faced  with  the  challenge  of  a  thrust  requirement  which  was 
approximately  twice  that  of  the  then  current  civil  engines.  Each  engine  manufacturer  produced  engines 
similar  in  size  and  cycle  but  differing  in  mechanical  execution  as  befitted  their  diffexing  background  and 
experience.  The  Author *s  Company* s  solution  was  the  Rolls-Royce  RB  211  (Fig.l).  This  engine  was  marked 
from  its  competitors  by  having  three  shafts. 

The  two  shaft  gas  generator  is  a  design  feature  founded  on  experience  from  earlier  engines  which 
results  in  a  compact  engine  with  a  short,  very  rigid  carcase  (Fig. 2).  This  compactness  provides  for  a 
more  efficient  integration  of  wing  and  propulsion  system  aerodynamics  and  forms  the  basis  of  the  precise 
control  of  tip  clearances  between  the  rotating  and  static  components  which  is  so  essential  on  high  pressure 
ratio  engines  for  minimum  fuel  consumption  and  good  perioimance  retention.  The  equal  split  of  gas  gener¬ 
ator  pressure  ratio  between  intermediate  and  high  pressure  shafts  minimises  off-design  compressor  matching 
problems  and  *variables*  can  be  limited  to  a  single  stage  of  variable  guide  vane  at  entry  to  the  IP  comp¬ 
ressor  and  low  power  bleed  valves  from  IP  compressor  delivery  and  from  the  third  stage  of  the  six  stage 
HP  compressor.  The  RB  211  was  the  first  Rolls-Royce  engine  to  have  'modularity'  designed  into  the  engine 
at  the  earliest  stages  and  has  resulted  in  maintenance  procedures  which  can  significantly  reduce  unproduc¬ 
tive  'down-time*,  both  during  commercial  service  and  the  Development  Programme. 

Since  Service  Entry  in  the  Lockheed  TriStar  in  1972  at  42,000  lb.  Take-off  thrust  (RB  211-22)  the 
basic  design  has  been  developed  to  meet  the  further  needs  of  the  TriStar  and  the  Boeing  747,  evolving  to 
a  certificated  thrust  level  of  51,500  lb.  (RB  211-524  C2)  with  53,000  lb.  available  in  the  near  future. 

This  has  been  achieved  without  increase  in  diameter  and  with  a  reduction  in  overall  length,  weight  and 
specific  fuel  consumption.  A  version  with  a  smaller  fan  diameter  (the  RB  211-535C),  derived  from,  the 
HP  system  of  the  -22B  and  with  IP  and  LP  systems  closely  based  on  those  of  the  latest  -524* s  is  currently 
well  advanced  in  its  development  programme.  It  will  power  the  new  Boeing  757  and  gives  37,400  lb.  Take¬ 
off  thrust.  (Fig. 4). 

It  is  this  engine  family  and  its  development  from  the  first  run  in  April  1969  through  to  the  current 
programmes  on  the  -524  and  -535  that  form  the  basis  of  this  paper. 

2.  SCOPE 


The  scope  of  this  paper  is  defined  as  beginning  at  the  completion  of  the  Design  Phase  and  finishing 
at  achievement  of  the  engine  Type  Certificate  (Fig. 5).  It  has  been  rather  arbitrarily  limited  thus  to 
maintain  the  task  within  manageable  limits  and,  as  such,  addresses  the  phase  which  generates  the  most 
intense  period  of  effort  for  the  Development  group.  It  commences  with  a  Planning  Phase  where  the 
opportunity  has  been  taken  to  describe  in  some  detail  the  types  of  testing  required.  This  is  followed 
by  a  Testing  Phase  where  examples  are  given  of  particular  tests.  Post  engine  Certification,  and  hence 
outside  this  papers  scope,  is  a  phase  of  testing  in  the  assigned  aircraft  which  leads  to  Certification 
of  the  installed  engine  and  aircraft  in  combination.  This  is  usually  accompanied  by  a  programme  of 
testing  to  demonstrate  that  the  engine  meets  the  terms  of  the  commercial  contract  between  engine  and 
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aircraft  manufacturer.  This  phase  together  with  the  engine  manui ac turer * s  calibration  testing  that  pre¬ 
cedes  it  would  form  the  subject  for  a  substantial  paper  in  its  own  right,  as  would  the  final  Development 
phase,  Service  Support,  which  develops  modifications  for  problems  revealed  in  Commercial  Service  plus 
component  life  development .  Mechanical  and  Aerodynamic  rig  test  programm.es  parallel  the  Development 
period  discussed  and  although  very  interactive  with  it  are  only  considered  briefly. 

In  th  ise  of  all  engines  in  the  RB  211  family  and  many  of  their  predecessors,  Rolls-Royce  has  Design 
responsibility  for  the  complete  Propulsion  System.  This  includes  the  intake,  cowlings,  thrust  reverser, 
core  engine  fairings  and  nozzles  -  the  nacelle  -  which  in  conjunction  with  the  engine  forms  the  Propulsion 
System.  (Fig. 6).  This  total  responsibility  leads  to  an  unhindered  integration  of  nacelle  and  engine 
design  and  development.  It  is  therefore  included  in  the  paper. 

Opportunities  to  plan  and  execute  a  Development  Programme  for  a  new  engine  type  occur  infrequently. 

In  practice  it  is  more  usual  to  find  that  the  programme  requires  the  proving  and  Certification  of  a  variant 
of  an  existing  engine  where  perhaps  one  or  more  of  the  shafts  incorporate  significant  change.  Due  to 
interactions  it  is  still  necessary  to  carry  out  many  of  the  tasks  that  would  be  associated  with  a  new  design, 
however  the  risk  of  unexpected  •surprises’  is  lower.  This  paper  is  broadly  based  on  experience  of  a 
number  of  such  programmes  and  as  such  should  provide  a  reasonably  comprehensive  review  of  a  typical  modern 
programme . 

1.  THK  DEVELOPMENT  PROGRAMME 

It  is  convenient  to  divide  the  development  task  into  two  phases:- 

•Planning’  and  ’Testing*.  In  describing  the  Planning  Phase  the  opportunity  is  taken  to  cover  in  some 
detail  the  types  of  testing  required.  The  Testing  Phase  is  then  given  to  description  of  examples  of 
specific  tests. 

3 . 1  The  Planning  Phase 

This  Phase  starts,  typically,  in  parallel  with  the  start  of  the  main  Design  activity  and  becomes  an 
ongoing  task  for  the  remainder  of  the  programme.  The  Development  Engineer  will  take  as  his  basis  the 
Design  Specification  a  document  which  defines  in  some  detail  the  design  or  design  changes  planned,  and 
in  conjunction  with  specialists  from  the  Design  and  Technology  staff,  produce  the  Development  Plan.  This 
will  address  the  following  major  items: 

•  Development  test  requirements. 

•  Development  Engine  Programme. 

•  Supply  programme  for  Development  engines  and  spares. 

•  Test  Facility  and  Equipment  requirements. 

•  Planned  achievement  of  progress  with  ’milestones’. 

Considering  each  in  turn: 

3.1.1  Development  Test  Requirements 

The  test  requirements  tor  the  particular  specif ication  will  be  determined  from  the  following  typical 

list  of  test  examples. 

(a)  Endurance  and  Cyclic 

The  former  Is  testing  to  the  150  hr.  endurance  schedule  specified  by  the  Certification 
Authority  for  the  Type  Test,  the  latter  simulates  service  operation  between  low  and  high 
engine  power  to  a  schedule  chosen  to  gain  experience  in  the  shortest  possible  time  compatible 
with  the  particular  design  aspect  under  review.  It  can  include  repeated  engine  starts  and 
reverser  operations.  In  combination  this  testing  can  normally  be  expected  to  rapidly  reveal 
shortcomings  In  the  durability  of  the  new  design  features. 

(b)  Performance  Development  Testing  and  Noise 

This  testing  anticipates  a  performance  short-fall  on  the  Initial  development  engines.  Even 
when  the  aerodynamic  rig  programme  has  demonstrated  achievement  of  aerodynamic  targets  it  is 
normal  to  find  that  development  of  the  initial  design  is  required  to  reduce  clearances  and 
leakages  to  design  values,  to  correct  gas  annulus  mis-matches  between  static  and  rotating 
components  and  to  check  out  the  effect  on  the  engine  performance  of  modifications  that  will  be 
required  for  mechanical  or  functional  reasons.  A  typical  pro  grannie  would  have  two  Performance 
development  engines.  One  engine  would  continually  assess  the  effect  of  design  changes  on 
performance  by  frequent  tests  to  assess  Individual  or  packaged  modifications,  with  the  emphasis 
naturally  on  continual  improvement.  This  engine  would  be  heavily  instrumented  to  enable  the 
performance  of  individual  components  to  be  assessed.  The  second  engine  would  typically  be 
maintained  to  the  highest  possible  mechanical  and  aerodynamic  standard  to  demonstrate  the 
absolute  performance  level,  thus  serving  as  an  accurate  guide  to  the  performance  of  the  Initial 
production  engines.  It’s  programme  will  require  periodic  calibrations  In  an  Altitude  Test 
Facility  that  Is  capable  of  simulating  the  range  of  altitude  and  Mach  No.  of  the  aircraft 
concerned.  Testing  at  simulated  cruise  conditions  will  predominate.  Additional  tasks  will 
include  testing  to  establish  optimum  nozzle  areas,  the  effect  of  air  bleed  on  performance  and 
performance  under  windmilling  conditions.  A  detailed  assessment  of  the  engine  noise  character¬ 
istics  will  be  conducted  on  an  open  air  test  stand  specially  designed  to  minimise  extraneous 


affects  lue  to  the  ground  or  surrounding  buildings.  It  is  convenient  to  combine  this  test 
with  ai  'Open  Air*  engine  performance  calibration  in  both  forward  and  reverse  thrust.  No 
corrections  to  the  measured  thrust  are  required  so  the  test  can  be  used  to  develop  the 
corrections  that  have  to  be  applied  to  measurement  of  thrust  on  the  enclosed  test  beds.  Both 
Noise  and  Open  Air  performance  tests  present  dif f iculties,  for  both  if  they  are  to  generate 
accurate  results  demand  dry,  still  air.  These  are  realised  infrequently  in  the  notoriously 
changeable  English  climate. 

(c )  Functional  Testing 


Functional  testing  is  a  1  catch  all*  title  for  the  multitude  of  tests  required  to  examine  and 
confirm  or  correct  the  design  requirements  of  the  mechanical  and  operational  functioning  of  the 
engine.  Engines  conducting  such  tests  tend  to  be  heavily  instrumented,  to  have  long  and 
complicated  builds  and  short  duration  tests.  To  be  successful  this  type  of  test  demands  close 
and  thorough  liaison  between  the  development  engineer,  the  technical  specialists  who  contribute 
to  the  specification  and  carry  out  the  detailed  analysis  of  the  tests,  the  instrument  designers 
and  the  measurement  engineers  who  are  responsible  for  the  correct  functioning  of  the  special 
equipment . 

Examples  of  Functional  Tests  include: 

•  Straingauging  for  measurement  of  direct  and  alternating  stresses  on  most  new  static  and 
rotating  components.  The  degree  of  equipment  sophistication  will  range  from  the  simple 
case  of,  say,  an  engine  mounting  link,  to  the  complex  case  of  measurement  of  vibrational 
stresses  in  HP  turbine  blades  with  the  associated  hostile  factors  of  temperatures,  pressure 
and  centrifugal  field,  plus  the  need  for  very  specialised  lead  out  equipment. 

•  Thermal  paint  test  for  temperature  surveys  of  all  major  engine  components  and  in  particular 
to  develop  the  cooling  of  combustion  liners  and  HP  and  IP  blades  and  vanes. 

•  Pressure  and  temperature  surveys  to  ensure  the  correct  operation  of  internal  cooling  and 
ventilation  systems  and  pressure  balance  around  bearing  housings. 

•  Measurements  of  the  transient  thermal  response  of  discs  to  provide  information  for  accurate 
stress  analysis  and  clearance  matching.  The  HP  system  is  of  prime  importance  and  presents 
similar  difficulties  to  the  straingauge  case. 

•  Assessment  of  the  correct  operation  of  the  engine  oil  system,  including  the  efficient 
operation  of  the  oil  supply  to  and  scavenge  from  the  engine  main  bearings  and  gearboxes, 
and  assessment  of  the  oil  cooling  and  filtration  systems  and  their  controls. 

•  Measurement  of  bearing  end  loads. 

•  Assessment  of  the  engine  starting  performance  using  a  special  'Cold  Room*  test  facility 
for  simulating  starting  down  to  -40°C.  and  hot  day  starting  to  simulated  inlet  temper¬ 
atures  up  to  +55°C.  Similar  testing  is  conducted  in  the  Altitude  Test  Facility  to  assess 
inflight  relighting.  All  such  testing  may  be  accompanied  by  fuel  system  ’tuning’  to  develop 
optimum  starting  performance. 

•  Assessment  of  the  engines  vibration  characteristics  to  form  the  basis  of  Operational  Limits 
and  to  enable  an  endurance  engine  to  be  built  to  simulate  the  worst  service  conditions. 

•  Assessment  of  engine  handling  at  sea  level  and  simulated  altitude  conditions  to  ensure 
optimum  operation  of  compressor  bleed  valves  and/or  variable  vanes  to  provide  stall  tree 
operation  under  the  most  extreme  throttle  manoeuvres.  This  will  incLude  tests  to  artific- 
ally  raise  compressor  operating  points  by  injection  of  fuel  or  special  operation  of  bleed 
valves  to  provoke  stall  and  hence  assess  operating  margins  and  thus  margin  for  in-service 
deterioration. 

•  Assessment  of  the  correct  functioning  of  the  nacelle.  This  includes  the  thrust  reverser 
and  its  operating  mechanism  and  control  system,  the  nose  cowl  anti-icing,  fire  detection 
systems  and  the  various  ventilation  zones. 

•  T  above  list  addresses  the  major  requirements  but  no  list  can  be  comprehensive.  Additional 
special  tests  may  be  required  to  assess  damage  and  engine  integrity  when  ingesting  birds, 
hailstones,  and  high  water  concentrations,  the  effect  of  ingested  dust  and  internal  oil 
leaks  on  the  purity  of  the  air  supplied  for  cabin  conditioning,  etc. 

(d)  Certification  Tests 


Airworthiness  Requirements  demand  that  the  engine  manufacturer  demonstrates  a  prescribed  standard 
of  engine  Integrity  to  the  satisfaction  of  the  Authority  concerned.  Satisfactory  demonstration 
Is  marked  by  the  granting  of  a  Type  Certificate.  This  major  landmark  in  an  engines  development 

is  required  to  enable  the  engine  to  proceed  to  the  nest  phase  -  the  Flight  Certification  -  and 
thence  to  Commercial  Service.  The  requirements  are  demonstrated  from  a  combination  of  engine 
and  rig  tests  and  technical  analysis  based  on  the  results  of  these  tests  and,  where  appropriate, 
analogy  with  previous  similar  designs. 

The  scope  of  this  paper  does  not  include  a  detailed  consideration  of  all  the  tests  involved. 
Comnent  is  thus  limited  to  the  observation  that  data  from  the  Functional  Testing  plays  a  major 
part  in  the  preparation  of  the  Certification  submission.  Specific  engine  demonstration  tests 
inc lude  t 
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•  The  Type  Test. 

This  is  a  150  hr.  endurance  test  to  a  schedule  defined  by  the  Airworthiness  Authority.  It 
is  designed  to  subject  the  engine  to  a  full  range  of  conditions  to  expose  any  weaknesses 
in  the  design.  As  such  it  includes  periods  of  running  at  all  pcwer  levels  with  particular 
emphasis  on  maximum  values  of  shaft  speeds,  gas  temperatures  and  oil  temperature,  and 
minimum  oil  pressure.  The  testing  at  steady  conditions  is  conducted  with  and  without 
air  and  power  off-takes  and  is  interspersed  with  accelerations  and  decelerations  and  cyclic 
testing.  The  test  includes  a  prescribed  number  of  starts  and  thrust  reverser  operations. 
Satisfactory  completion  of  this  test  as  established  by  the  thorough  examination  of  the  dis¬ 
mantled  engine  after  completion  to  the  satisfaction  of  the  Authorities  inspectors  is  manda¬ 
tory.  The  maximum  values  of  shaft  speed  and  turbine  temperature  demonstrated  together  with 
other  Limiting  parameters  become  the  Maximum  Operational  limits  in  Commercial  Service. 

Great  care  is  thus  necessary  in  planning  and  executing  this  test  to  ensure  rhat  the  condi¬ 
tions  tested  are  adequate  to  enable  the  engine  to  deliver  its  full  performance. 

•  Overspeed  and  Overtemperature  Tests. 

These  are  tests  to  demonstrate  the  ability  of  the  engine  to  operate  for  short  periods  at 
conditions  above  the  maximum  normal  limits.  They  again  provide  clearance  for  Operational 
Limits. 

•  Cold  starting  demonstration. 

•  Interrupted  oil  supply  demonstration. 

•  Windmilling  without  oil. 

•  Icing  demonstration. 

•  Smoke  emission  compliance  demonstration. 

J .  1  .  2  Development  Engine  Programme 

The  assessment  of  the  test  requirements  for  the  specification  in  question  will  provide  the  basis  of 
the  Development  Engine  Programme.  To  determine  the  order  of  tests  a  judgement  will  be  made  of  the  likely 
risk  areas  in  the  new  design  features.  This  leads  to  the  choice  of  key  functional  tests  at  an  early 
stage  in  the  programme.  Examples  are  straingauge  surveys  of  new  discs  and  checks  on  the  functioning  of 
the  cooling  systems  of  the  high  temperature  turbine  blades  and  vanes.  An  initial  performance  assessment 
will  have  high  priority.  Incorrect  aerodynamic  functioning  can  lead  to  time  consuming  diagnosis  and 
correction  with  a  resultant  delay  before  endurance  experience  starts  to  accumulate  on  the  final  standard. 

In  the  interim  a  poor  performance  standard  may  preclude  the  attainment  of  full  rotational  speeds  on 
endurance  tests  with  the  possibility  that  mechanical  problems  may  remain  unexposed. 

In  parallel  with  the  above  testing  endurance  tests  will  reveal  unexpected  design  weaknesses  at  the 
earliest  opportunity.  Endurance  testing  will  be  of  two  types.  Early  150  hr.  endurance  tests  will 
explore  the  capabilities  of  the  design  at  the  more  severe  conditions  of  shaft  speed  and  temperature  and 
will  also  ensure  that  the  engine  is  operated  for  a  period  at  all  speeds  within  the  operating  range  to 
expose  any  unexpected  resonances.  Additionally  it  will  serve  as  practice  running  for  the  formal  Type 
Test  later  in  the  programme.  Early  cyclic  testing  is  particularly  relevant  to  establishing  the  durability 
of  the  combustion  chamber  and  high  temperature  aerofoils  and  has  demonstrated  that  it  can  rapidly  show  up 
durability  and  reliability  problems  in  all  parts  of  the  engine  more  rapidly  than  by  running  to  the  150  hr. 
endurance  schedule. 

The  above  testing  will  be  followed  by  more  routine  functional  testing,  by  detailed  performance  tuning 
and  by  continual  endurance  tests  (both  150  hr.  and  cyclic)  to  accumulate  hours  and  cycles  on  specific  sets 
of  parts  and  to  test  design  changes  that  have  been  shown  necessary  by  earlier  testing.  In  the  final 
stages  the  emphasis  will  be  on  the  formal  certification  tests  required  to  justify  the  granting  of  the  Type 
Cert  if icate. 

The  resulting  progranrne  will  establish  the  number  of  development  engines  required,  and  test  dates  for 
specific  tests  and  the  required  build  up  of  test  hours  and  cycles.  (Fig. 7). 

5.1.3  The  Development  Supply  Programme 

The  information  contained  in  the  Development  Programme  is  the  basis  tor  the  SuppLy  Programme.  This 
will  consist  of  new  development  engines  or  conversion  kits,  spare  modules  to  ensure  rapid  shop  turnround 
on  selected  engines  and  spares.  It  will  establish  when  orders  need  to  be  placed  to  ensure  timely  complet¬ 
ion.  In  the  initial  stages  it  will  concentrate  on  long  lead  time  items.  This  phase  is  interactive  with 
the  design  programme  where  designs  involving  long  lead  time  components  must  be  specified,  at  least  in 
sufficient  detail  for  material  orders  to  be  placed,  at  an  early  stage  if  the  elapsed  time  for  the  total 
programme  is  to  be  competitive.  As  the  programme  progresses  the  Supply  Programme  vrill  concentrate  on 
getting  new  engines  built  for  test  and  then  on  supplying  modifications  and  spares  for  successive  builds. 

A  successful  Development  Programme  is  extremely  dependent  on  a  well  planned  timely  Supply  Programme. 

1 . 1 . 4  lest  Bed  and  Special  Test  Facility  Requirements 

The  Development  Programme  will  establish  the  number  of  engines  and  rate  of  testing.  This  will  be 
related  to  the  required  Test  Facility  capacity  and  support  services  on  the  basis  of  previous  experience. 
Test  facilities  for  engines  of  the  RB  211  type  are  large  and,  extremely  expensive.  A  test  bed  with  its 
exhaust  equipment  is  some  200  ft.  long,  30  ft.  wide  and  35  ft.  high  and  with  its  special  instrumentation 
currently  represents  a  capital  outlay  of  £2.0  million  and  an  annual  running  cost  of  £0.7  million.  Utilis¬ 
ation  must  be  high  consistent  with  adequate  capacity  to  meet  the  Development  Programme. 


Ilth 


This  can  ho  categorised  as  special  equipment  I  mi'  use  in  conjunction  with  the  engine  and  special  meas¬ 
uring  equipment  on  and  in  the  engine.  Examples  ot  the  tormer  include  airmeters,  inlet  flares,  slave 
exhaust  equipment,  special  inlets  tor  noise  testing,  ground  handling  equipment  tor  the  engine  and  its 
modules  eti  .  I'he  latter  include  pressure  and  temperature  rakes  and  Lappings,  straingauge  lead  out 
t  .-u  ilities,  hearing  Load  measurement  equipment  etc.  The  lists  are  far  from  comprehensive  and  all  must 
be  designed  and  procure*!  in  a  timely  manner. 


I’regr*  -  Men  Ltors 


To  check  that  the  development  programme  is  proceeding  at  the  required  rate  it  is  usual  to  establish 
hiring  the  planning  phase  monitoring  parameters  ith  targets  consistent  with  the  required  rate  of  achieve¬ 
ment. 


The  prime  monitors  are  the  huiLd  up  ol  engine  test  hours  and  cycles.  These  will  be  backed  by 
seLected  technical  milestones.  Fig.B.  The  selection  of  the  latter  is  dependent  cn  the  particular 
"pec i 1 icat ion  and  experience  ot  the  difficulties  expected  based  on  previous  experience  of  similar  programme 
Fig.d  shows  the  averaged  opinion  oi  sixteen  senior  engineers  from  the  Author's  Company  of  the  difficulty 
ot  sat i st actor  i  Ly  completing  various  aspects  of  development  testing  as  defined  under  fifteen  categories. 

I' he  response  covered  all  aspects  of  development  including  all  the  rig  test  tasks  but  remains  a  good  guide 
to  the  ditliculties  expet  ted  in  the  development  engine  programme .  Mechanical  reliability  is  marginally 
tlu  most  difticult,  closely  followed  by  Performance,  which  reilects  in  particular  the  intense  competitive 
pressure  to  improve  fuel  consumption. 

Ihe  renting  Phase 


This  phase  of  the  programme  typically  consists  ol  two  years  of  intensive  engine  testing.  It  is  not 
practical  to  discuss  this  in  detail  so  a  selection  of  examples  has  been  taken  to  illustrate  various  aspects 

Example  l  -  The  Type  Test 

Hie  regulations  require  that  all  Take-off  and  Maximum  continuous  running  is  carried  out  at  the  maximum 
shaft  speeds  and  turbine  gas  temperature  lor  the  rating  in  question.  Unfortunately  the  engine 
characteristics  when  operated  to  the  limits  of  an  aircraft  flight  plan  do  not  result  in  these  para¬ 
meter''  reaching  their  maximum  values  simultaneously.  The  problem  is  compounded  by  having  three 
shafts.  It  is  therefore  necessary  to  change  the  matching  of  the  Type  test  engine  to  achieve 
simultaneous  maximum  values.  The  matching  adjustments  required  at  Take-off  and  Maximum  Continuous 
are  different.  The  maximum  turbine  temperature  is  only  used  in  Service  on  hot  days,  if  the  Type 
Test  engine  were  run  to  this  temperature  on  ordinary  day  temperatures  and  particularly  in  cold  winter 
weather  the  pressures  in  the  engine  would  be  far  above  maximum  service  conditions.  Ways  have  to  be 
found  Lo  overcome  these  difficulties.  The  high  pressure  case  is  normally  avoided  by  heating  the 
inlet  air  to  the  test  bed.  This  requires  that  some  2,000  lb/sec.  of  air  be  raised  in  temperature 
by  up  to  25  C.  This  is  expensive  and  the  equipment  is  inflexible.  More  latterly  the  problem  has 

been  overcome  by  introducing  a  pressure  loss  at  engine  inlet  with  a  screen  in  the  inlet  ducting. 

Fig. 10.  The  speed / temper a ture  matching  case  is  solved  by  special  adjustments  to  the  engine.  Con¬ 
sidering  the  turbine  temperature  as  fixed  at  it's  required  value  the  HP  spool  speed  is  raised  to  it's 
maximum  by  twists  to  the  compressor  blading  front  stages.  The  IP  speed  is  then  raised  to  its 
maximum  by  positive  adjustment  of  the  variable  inlet  vanes.  The  fan  is  then  raised  to  its  maximum 
speed  by  enlarging  the  exhaust  nozzle.  The  gas  generator  adjustments  reduce  it's  efficiency  which 
can  resuLt  in  insufficient  gas  horse  power  to  drive  the  fan  at  maximum  speed  with  the  largest 
possible  exhaust  nozzle.  In  this  case  it  is  necessary  to  clear  the  shaft  speeds  on  two  separate 
Lests.  Allowance  must  also  be  made  for  a  drop  in  all  speeds  at  a  turbine  gas  temperature  as  the 
test  progresses  due  to  deterioration  and  accretion  of  atmospheric  dirt.  These  factors  make  the 
running  of  the  Type  Test  at  the  correct  maximum  conditions  a  very  challenging  task  and  its  success¬ 
ful  completion  an  occasion  of  great  reLiel. 

Example  2  -  The  Nacelle  Leakage  Test 

Complete  sealing  ol  the  nacelle  is  of  prime  importance  on  an  engine  of  the  RB  211  Type.  Air  that 
leaks  through  nacelle  seals  and  joints  instead  of  going  through  the  propelling  nozzles  is  wasted 
thrust  and  hence  degraded  fuel  consumption.  Ten  square  inches  of  leakage  area  is  approximately 
equivalent  to  one  percent  of  s.f.c.  The  test  consists  of  sealing  the  inlet  and  exhaust  nozzles 
of  an  engine  with  blanks  and  pressurising  the  engine  interior  with  slave  air.  The  leakage  rate 
is  measured  and  then  individual  leaks  traced  and  sealed  to  determine  their  values.  Leakage  above 
the  ipecified  Level  will  require  design  action.  This  simple  test  has  proved  most  effective  in 
reducing  fuel  consumption  and  is  an  area  where  the  Author's  Company  has  gained  from  their  respon¬ 
sibility  for  the  complete  propulsion  system.  (Fig. LI). 

Example  3  -  bearing  End  Load  Measurement 

Gas  Turbine  main  shaft  bearings  experience  an  end  load  which  is  the  difference  between  a  large  rear¬ 
ward  turbine  load  and  a  large  forward  compressor  load.  This  difference  between  two  large  quant  ft  it*  *- 
is  difficult  to  calculate  accurately.  If  the  load  capacity  of  the  bearing  is  exceeded  the  service 
life  will  be  reduced,  if  it  drops  below  a  minimum  value  the  bearing  will  skid  with  the  same  result  . 

It  is  thus  necessary  to  measure  the  end  Load  on  each  bearing.  This  is  achieved  on  the  more  fit; i 
Intershaft  bearing  which  locates  the  LP  shaft  by  the  provision  of  equipment  which  can  load,  i  h<  If 
"x  shaft  hydrau  1  ical  ly .  By  raising  the  oil  pressure  the  bearing  is  made  to  move  from  its  st»q  . 

bearing  load  can  then  be  established  from  the  oil  pressure  and  the  area  it  is  bearing  on.  Hi 
will  be  repeated  at  conditions  throughout  the  Speed  range.  (Fig. 12), 
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Example  4  -  Measurement  of  Temperature  and  Stress  on  the  HP  Rotor 

Measurements  on  the  HP  rotor  present  the  most  difficult  challenge  to  the  measurement  engineer.  It  is 
necessary  to  transmit  the  signals  from  the  rotating  shaft  (10,000  rpm)  to  a  ground  station.  The 
environment  is  hostile  (350  C)  and  space  is  limited.  To  be  of  practical  value  the  equipment  must 
be  accurate  over  a  wide  range  ot  conditions  and  very  reliable.  Fig. If  shows  a  systeM.  -h-signed 
and  developed  by  the  Author’s  Company.  It  contains  induction  coupling  rings  for  the  power  supply 
and  control  circuits  and  capacitive  coupling  for  signal  transmission.  It  can  transmit  data  from 
a.c.  or  d.c.  straingauges,  thermocouples  and  thermal  mats.  Six  transmission  channels  can  be  employed 
at  any  one  time  and  by  internal  switching  it  has  the  capability  of  handling  for  example  up  to  64 
thermocouples  which  can  be  calibrated  on  line.  The  unit  is  cooled  to  maintain  acceptable  operating 
temperatures.  The  ground  station  digitises  the  output  signals  and  converts  it  to  engineering  units 
in  a  computer  for  on  line  presentation  to  the  C<|st  engineer. 

Example  5  -  Cyclic  Testing 

Cyclic  testing  is  used  to  expose  design  weaknesses.  Fig. 14  shows  the  cycle  that  has  been  developed 
to  give  the  maximum  experience  for  minimum  elapsed  time.  This  is  important  to  both  minimise  the 
time  required  to  expose  problems  and  also  to  minimise  the  fuel  bill  which  for  an  RB  211  is  typically 
£750  per  hour  for  this  type  oi  testing. 

Example  6  -  X-Ray  Measurements 

Performance  is  critically  dependent  on  maintaining  minimum  clearances  between  rotating  blade  tip  seals 
and  the  associated  static  members.  The  development  of  designs  that  meet  this  objective  uses  infor¬ 
mation  of  many  types  including  theoretical  analysis  backed  by  measurements  of  engine  pressures  and 
temperatures.  It  is  particularly  aided  by  X-ray  photographs.  This  technique  which  has  been 
developed  to  have  a  capability  of  accurately  showing  the  position  of  rotating  blades  under  running 
conditions  is  illustrated  by  Fig. 15  which  shows  an  LP  1  turbine  blade  as  photographed  with  the  engine 
stopped  and  also  at  maximum  conditions.  With  computerised  analysis  it  is  possible  to  accurately 
determine  relative  positions  to  within  a  few  thousandths  of  an  inch.  The  equipment  is  powerful  to 
achieve  the  required  penetration  and  safety  precautions  have  to  be  rigorously  observed. 


4.  CONCLUSIONS 

The  foregoing  is  a  brief  review  of  the  intense  period  of  development  testing  to  Certification  of  a 
typical  prograime  on  one  of  today’s  high  by-pass  ratio  fan  jet. 

It  is  conventional  at  this  point  to  consider  changes  from  past  practices  and  anticipated  developments 
for  the  future.  Test  practices  have  in  fact  changed  little  in  basic  principle  over  the  last  20  years. 

The  introduction  of  the  large  fan  jet  in  the  late  1960’s  required  no  major  change  to  the  Certification 
regulations.  The  step  change  in  physical  size  with  the  attendant  problems  generated  by  the  new  test 
equipment  required  to  acconrwdate  it  are  now  overcome.  In  some  respects  the  increased  size  has  advan¬ 
tages,  for  instance,  providing  more  space  for  instrumentation.  The  progressive  increase  in  pressure 
ratio  with  the  accompanying  increases  in  compressor  delivery  temperature  and  turbine  entry  temperature 
has  required  increased  attention  to  turbine  cooling  systems  and  the  introduction  of  new  alloys,  principally 
nickel  based,  with  higher  expansion  coefficients  than  the  ferritic  alloys  they  replaced.  This  makes  the 
control  of  clearances  bet.-/*en  static  and  rotating  members  more  difficult  at  a  time  when  increased  stage 
loadings  demanded  that  they  be  reduced.  Development  testing,  backed  by  continually  improving  technical 
analysis  has  made  a  major  contribution  to  the  precise  control  achieved  on  today’s  engines.  For  the  same 
reasons,  thermal  stresses,  particularly  in  turbine  discs,  increased  in  significance  and  accurate  life  pre¬ 
dictions  have  now  become  dependent  on  a  precise  knowledge  ot  transient  thermal  gradients,  again  the 
development  engineer  has  been  required  to  provide  accurate  measurements.  The  introduction  of  computerised 
analysis  techniques  has  led  to  quicker  response  to  test  results  and  the  ability  to  plan  more  complex  tests. 
The  emerging  environmental  concern  has  led  to  new  types  of  tests.  Mandatory  noise  and  smoke  limits  are 
established  and  today’s  planning  now  has  to  assume  the  introduction  of  exhaust  pollutant  limits.  The 
above  trends  are  expected  to  continue,  perhaps  at  a  diminishing  rate.  They  will  be  accompanied  by  the 
introduction  of  new  materials  and  manufacturing  techniques  which  will  include  powder  metallurgy  for  discs, 
superplastic  forming  for  titanium  alloys,  novel  casting  techniques  for  turbine  blades  and  increased  use 
oi  composites,  all  driven  by  the  competitive  pressure  to  produce  lower  fuel  consumption  and  reduce  weight 
and  cost.  The  development  engineer  will  continue  in  his  current  major  role  in  taking  these  innovations 
through  to  commercial  service. 
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FIG, 13  -  HP  SHAFT  SIGNAL  LEAD  OUT  EQUIPMENT 
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DISCUSSION 


M. Mihail.  Bureau  Veritas.  1  r 

You  have  pointed  out  tin-  use  of  now  malorials  What  is  thou  inlluonoo.  not  over  I  ho  performance.  hut  over  tho 
longevity  ami  viability  '.’  Are  tlioy  intended  for  improving  thorn,  too.  in  a  oonsulorahlo  manner.’ 

Author's  Koplv 

If  In  “porlormanoo"  you  moan  all  aspects  of  tho  competitiveness  ol  an  engine.  like  weight .  luol  consuiuption .  ole.. 
I  apron  with  you 


Paul  Chetail.  Air  f  ranco.  I  r 

Tho  author  unhealed  identical  degrees  of  difficulty  (In  )  regarding  reliability  and  performance.  Is  this  identity 
tho  result  of  a  compromise  chosen  by  the  manufacturer  or  rather  tho  result  of  tho  intrinsic  characteristics  of  the 

kb:  I  1? 

Author's  Reply 

The  t|  tie's!  ion  refers  to  figure  d  of  tho  paper.  The  similar  values  of  difficulty  for  performance  and  reliability  aro 
coincidental.  While  there  is  a  small  degree  of  interactivity,  reliability  is  primarily  concerned  with  mechanical  design 
weaknesses  loading  to  unpredicted  failures.  Performance  is  primarily  concerned  with  clearance  and  cooling  air 
optimisation  and  control 
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ABSTRACT 

The  propulsion  system  development  process  extends  Through  deplov merit  and  must  take  into  aernunl  maintenance  and  logi-ti<- 
support  requirements  and  cost.  A  "systems"  approach  to  the  development  process  must  consider  the  interrelationship-  ol 
tern  stihs\stcin  mission  usage  and  the  impact  on  performance.  operahilil v.  and  durability 

I1. 1st  propulsion  svstcm  development  programs  have  not  sufficiently  emphasized  the  impact  ot  changes  in  weapon  system  character 
istics  and  usage  on  engine  pertormance.  operability  and  life.  These  changes  are  more  commonly  characterized  by  increases  in  aircraft 
"takeoft  gr«»*s  weight"  drag  or  variation  m  mission  requirements.  Failure  to  consider  their  impact  on  the  propulsion  system  during  the 
development  process  can  lead  to  reduced  system  pertormance  and  increased  maintenance  cost. 

It  i>  tlie  intent  ot  this  paper  to  introduce  a  methodologv  to  consider  these  needs.  The  concept  ot  baselining  engine  characteristics, 
including  maintenance  requirements  based  on  evolving  weapon  system  characteristics,  will  be  considered. 

Introduction 

The  capabilities  ol  an  aircraft  weapon  system  are  defined  by  the  prescribed  need  or  threat  that  the  .«eapon  system  must  meet 
Acceptable  levels  of  these  capabilities  are  substantiated,  demonstrated,  and  qualified  through  a  comprehensive  development  process  which 
emoinpasses  design,  lest  and  development,  and  deployment.  Because  this  process  extends  through  the  deployment  phase,  the  development 
process  must  also  include  engine  maintenance  and  logistics  support  plans.  To  he  effective,  these  plans  must  be  consistent  with  the  actual 
operational  characteristics  and  usage*  as  well  as  the  probable  deployment  -.true  lure  This  paper  deals  with  establishing  propulsion  system 
test  requirements  that  will  provide  an  operationally  acceptable  propulsion  system,  and  maintenance  and  logistic  support  plans  which  are 
appropriate  (<■  the  usage  requirements. 

To  accomplish  this,  it  is  essential  to  use*  an  approach  m  developing  these  plans  that  encompasses  the  total  weapon  system,  hereinafter 

*  alhd  The  -v-tem  approach.  The  interrelationships  ol  system  subsystem  mission  usage  requirements  must  be  thoroughly  understood  and 
t run-dated  into  ,i  data  base  ihasclmei  whic  h  will  accurately  reflect  the  impact  of  changes  in  system  characteristics  or  mission  requirements 
on  -ob-vsiem  capabilities  Furthermore,  an  effective  procedure  must  lie  established  to  derive,  develop,  and  track  system  subsystem 
functional  »  barn*  t»-ri-tic  s  which  can  affect  system  capabilities.  In  the  case  "1  the  engine  Ipropulsion  subsystem),  kev  characteristics  upon 
win.  ft  proiec  ted  'Vsiem  capabilities  are  based  must  he*  defined  and  demonstrated  during  the*  full  scale  phase*  ol  the  weapon  s\>tcm 
development  program  Figure  I  indicates  these  kev  characteristics  and  relate.-  them  to  weapon  system  functions. 

In  addition  to  delineating  the  kev  functional  characteristics  ot  tlv  engine.  Figure  I  emphasizes  the  requirements  demanded  b\  ihe 
-v  -tern  .ippro.n  h  Performance,  operabditv  and  life*  function-  of  the  engine  must  lie  defined  in  relation  to  system  capabilities  and  validated 
lor  the  proiec  ted  operational  environment  This  allows  full  definition  of  system  capability  and  the*  development  of  accurate*  maintenance 
tin  I  logi-lh-  support  »"si  e-tim.ite-  appropriate  to  the  -v-lem  usage. 

Background 

\  rev  ew  ot  the  pa-t  P»  to  I '<  ve.irs  ot  military  am  rail  propulsion  system  history  reveals  an  engine*  development  process  ha.-ed  on 
engine  -|  if.  if  ic .  c  i  r  m-  w  hn  h  c|»*  tined  “engine"  perl  or  malice  and  durahdit  y  standards  and  I  he  testing  required  to  "demons  Irate"  them  These 
practice  -  had  the  eltret  ol  obscuring  relationships  between  system  and  subsystem  operational  characteristics.  As  a  result,  the  standards  (.| 
engine  acceptance  became  •■neailed  around  military  specification  compliances  rather  than  satisfaction  of  evolving  weapon  system  need- 

I  hi-  approach  to  engine  development  and  testing  was  >  hara«  teri/.ed  lev  a  “system  vs  suhs\s|em"  noninteracl ive  development  process. 
I*.v ■-King  — v stem  p.iraineter range  maximum  M,i.  Ii  number,  maneuvering  envelopes  and  usage*  (which  arc-  dependent  on  both  the  aircraft 
and  engine  <  h.>rai  teri-t i<  - 1  were  addressed  only  during  the  initial  development  stage*.  This  approach  contributed  to  deplove-d  system 
opc-rat  local  problem-,  high  maintenance  cost  and.  in  some*  instance's,  a  dissatisfied  system  operator. 

•  urre-nt  experience  deals  with  inadequate*  mission  profile*  dedimtion  in  I  he  e*ng'ne*  model  specification  and  lughlv  structured  and 

*  on- 1  rained  Iiuhtarv  ipiallflc  at  loll  te-t  s  designed  to  assure*  “ace  eplable*  service  life*  "  I  able  I  she  iws  t  lie-  model  -pec  ifu  at  n»n  requirement  -  tor 
the  lac  I  IC  a  I  fighter  -v-t«*m  -c  Ice  led  a-  an  example,  as  e  cent  ras  ted  lo|  he  operation  usage*  current  Is  being  ex  pern- in  ed  1 1  i-  c  leat  lhat  mat  her 
lln  development  agem  ie-s  nor  tin*  mainline  ture*r  anticipated  that  the  e*iigine*  airframe*  system  capabilities  would  be  c-xp|oite-<l  lev  the  user  to 

*  a  id  .m»  raft  mi— ion-  that  had  -mb  -igntf uant  impacts  on  engine*  usage*  severity  After  the  onset  of  lull  scale  development,  engineering 
mention  wa-  oriente  d  toward  engine-  spec  ification  “requirements"  rathe  r  than  the*  systems  data  needed  to  proiec  I  and  update  evolving 
weapon  -v»i*m  >  harac  I*ti-I  n  s  I  h|s  lack  of  tracking  ot  evolving  usage  factors  and  weapon  system  neie*ds  caused  the  engine  durahihtv  te-t 
tea-*  to  be  targeted  c-xc  hi-ivel\  around  tfie-  mil  -pe*i  requirements  Post  cpialil  l<  at  loll  tracking  of  flight  experiem  e,  however,  began  to  yield 
w  <h  uiom.chc  -  between  -pet  itic  at e«n  te-t  dutv  cycle-  and  flight  operational  engine  utilization.  For  instance-,  lot, cl  tune  at  rmhtarv  power 
w  c-  cpproxim.iielx  »iu  ..1  ihat  -pec  ihed  in  the  initial  re-cpiire-mc-nl -  Actual  high  Mach  time  flown  (above  Mach  has  evolved  lo  less  than 
I  *  that  amount  required  tor  th»*  MijT  te-t  sequence  However,  tin-  reduced  hoi  time  -events  is  more  than  off-et  f»v  at  lea-t  a  »i\  fold 
mi  n,i-c-  in  i  v  ■  lie  -events  relative  t*.  the  transient  life  demoiis|  rated  in  the  prescribed  M(JT  Increased  cyclic  usage-  severitv.  which  wa-  not 
acftcpiati  Iv  addressed  during  development  and  \1(fl  ha-  re-ulted  in  substantial  »n<  rea-es  in  maintenance  co-t-  Sm  h  historical  le— on-  are 
k*-v  irtgrccln  ril -  m  -eeknig  to  improve  tuture  dev el> •pnienl  programming  and  Testing 


m-: 


r,i-j  tfrml*  an-  •  lear  lew  weapon  systems  developed  in  I  In*  past  I  f*  years  have  entered  service  without  extensive  complaints  from 
Oi.  u-i-i  and  logistic  organizations  These  complaints  have  dealt  primarily  from  the  propulsion  system  standpoint  with  derreased 
<>perululit\  .Ktompamt'd  hy  maintenanee  eosts  far  in  excess  of  programmed  resourees.  The  conclusion  is  olivioiis  improved  weapon 

-Went  engine  development  and  testing  criteria  is  needed  that  will  adeipiatelv  baseline  both  system  and  propulsion  system  needs  and 
reverse  the  trends  toward  unprogrammed  increases  in  logistics  and  support  cost. 
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Discussion 

Alternative  (’limine  development  methods  are  available  lor  the  uexl  generation  of  aircraft  development  programs.  For  example, 
minimum  risk  derivative’s,  commercial  engine  adaptations  or  highly  matured  core  engines  are  being  considered  However,  the  final  selection 
will  be  based  on  which  offering  meets  the  defined  ‘’need'*  with  predictable  and  affordable  logistics  support  cost  To  meet  this  objective, 
ainrall  development  requires  a  "system"  approach  to  the  development  process  that  considers  the  interrelationships  of  svs 
tern  ■'iib'.vstem.  mission  usage. 

Tin-  approach  unhides  the  ha-  <  requirements  listed  below: 

•  Iteveiop  engineering  philosophy  where  the  relal ionships  between  engine/systetn  mission  usage  are  defined  and  » 
linnou'dv  tracked  throughout  the  weapon  system  development  and  (light  test  phases. 


ion 
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•  l>t-\rln|»  iMilt/r  methodologies  |o  establish  engine  lesling  priMcdnrcs  lor  I’ertormanc  e/Operabilil  v/lufe  factors 

hu-ed  on  tin*  usage  relationships. 

•  I  -*•  tin-  combined  te-t  .tml  analyst-  approach  to  define  the  engine  aircraft  lundamenlal  elements  disciis-ed  below. 

Performance  when1  system  mission  Moment  requirements  tor  installed  thrust,  luel  How  rates  are  related 
to  engine  ihru-t  ami  SF(\ 

Operability  where  weapon  system  maneuverahililv  envelops  are  related  to  inlet  engine,  augmentor.  and 
rontrol  limit  operation  and  stability  margins. 

Durability/Life  where  weapon  system  characteristics  and  mission  prof  ile  segment  [lower  requirements  are 
used  to  estahlish  testing  methods  relating  usage  to  engine/i omponent  failure  rates  and  maintenance  and 
support  factors. 

Performance  —  The  First  Fundamental  Element 

I'he  initial  performance  baseline  characteristics  nl  the  engine  must  he  related  to  the  "selected”  weapon  system  needs  to  estahlish  basic 
threshold  requirements.  Aircraft  characteristics  such  as  configuration,  weight,  mission  segment  [lower  requirements,  fuel  allowances, 
platform  and  I.  I>  mu-1  lie  accounted  for  relative  to  engine  thrust,  weight  ami  specific  fuel  consumption.  In  addition,  the  anticipated 
envelope-  to  he  flown  must  he  defined  as  accurately  as  possible  This  requirement  for  thrust/drag  accounting  and  operational  envelope 
definition  mu-1  he  recognized  it  a  responsive  propulsion  system  is  to  he  developed  and  made  operationally  successful. 

Sin  h  an  approach  is  necessary  to  prevent  arbitrary  insistence  upon  engine  capability  that  result  in  minimal  system  gains.  Further, 
sit-in  and  siihs\ stems  performance  characteristics  must  he  continually  updated,  and  matching  changes  in  either  the  aircraft  or  propulsion 
-\-tem  must  he  weighed  relative  to  their  effects  on  threshold  system  performance  and  operating/support  characteristics.  Particular  care 
must  lie  taken  to  ensure  that  engine  performance  and  control  schedules  are  also  evaluated  in  light  <>!  installed  [lower  requirements  which 
take  into  aecoimt  the  relative  power  sensitivity  and  stable  operating  characteristics  of  both  inlet  and  exhaust  subsystems. 

Operability  —  The  Second  Element 

Kngmeermg  methodologies  dealing  with  inlet/engine  compatibility  were  developed  in  the  late  l!H>0s.  It  is  clear  from  the  operational 
sin-ce-s  "I  current  tactual  fighters  that  both  the  users  and  manufacturers  understand  the  concept  of  inlet/engine  compatibility  and 
matching.  What  i>  perhaps  not  clear  is  the  impact  of  the  total  "stability  stack”  inherent  in  the  operability  characteristics  of  the  weapon 
system  It  is  necessary  not  only  to  deline  the  inlet/engine  interaction  but  also  to  address  all  elements  of  thrust  stability  requirements 
impo-ed  hv  the  evolving  weapon  system  on  the  baseline  engine  characteristics.  For  example,  as  soon  as  aircraft  characteristics  begin  to 
evoke,  the  effect-  ot  aircraft  maneuverability  in  terms  of  inlet  o  (alpha)  and  d  (beta)  excusions  (see  figure  2.  Operability  Impact l  must  lie 
matched  against  inlet  recovers  ami  distortion  to  evaluate  the  impact  of  augmented  ignition  characteristics  and  power  transients  on  Iwith 
external  and  internal  margin.  Trucking  of  aircraft  systems  characteristics  (i.e..  inlet,  exhaust,  etc.)  and  engine  characteristics  and  capability 
i>  required  throughout  the  development  and  on  into  oiieratinnal  phases.  It  is  also  necessary  that  systems  envelope  limits  Ik*  fully  explored 
in  tin*  development  and  operational  phase.  Kvolving  combat  tactics  will  extend  the  boundaries,  and  the  impact  on  operability  must  lie 
utich-r-toi  id. 
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Stability  Slack 


Figure  2  Operability  Impart 


Durability/Lite  —  Tha  Last  Elamant 

In  today’s  environment  of  escalating  logistic  support  cost,  it  is  absolutely  essential  that  durability  he  considered  in  developing  program 
requirements.  A  review  of  previous  development  programs  makes  it  clear  that  early  estimates  of  weapon  system  usage  that  are  defined  by 
-tick  mission”  *  see  figure  -It.  usually  reflect  an  optimized  steady  state  estimate  of  actual  system  power  usage.  A  more  technically  correct 
approach  i  oiim-l-  of  estimating  ranges  of  system  power  requirements  vs  [lower  available  at  the  onset  of  a  new  aircraft  definition.  Figure  4  is 
a  is  picul  mi— ion  defined  in  terms  of  range,  altitude,  and  Mach  number.  'Faking  care  to  segment  the  mission  properly  and  applying  the 
rule-  of  airc  raft  c  harac  tenstc  ^  (i.e..  power  matching)  yields  the  range  of  power  available,  power  required,  and  variations  that  may  lie 
expected  on  unv  segment  Application  of  this  concept  for  each  of  the  proposed  mission  and  mission  segments  yields  the  likely  range  of 


UM 


transient  power  usage  and  thus  defines  more  acc  urately  the  ranges  of  operational  severity  exposure  of  the  engine  compcjnents.  Continued 
updating  of  this  process  is  essential  if  the  engine  testing  is  to  he  effective  in  yielding  a  capability  to  project  and  program  engine  operating 
and  logistics  support  requirements. 
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Figure  3.  Power  Required  Profile 
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Teat  and  Evaluation  Procedural 

From  the  outset  of  a  development  program,  methodologies  must  he  defined  and  utilized  to  derive  engine  testing  needs  for 
Performance  <)|>erabili»y  Life.  Current  test  procedures,  if  tailored  to  system  requirements,  can  deliver  the  maximum  payoff  for  each  engine 
test  hour  accomplished.  I  his  will  also  lead  to  improved  evaluations  and  projections  of  system  performance  and  operability  characteristics 
and  tradeoffs  to  control  risks  and  costs  for  the  evolving  system  Kmphasi*  will  la*  placed  on  the  expanded  use  of  mathematical  modeling 
procedures  that  translate  engine  testing  and  analyses  results  to  durability  data  tor  estimating  engine  support  needs.  It  is  the  intent  of  these 
methodologies  to  improve  lioth  the  testing  and  resulting  projections  of  engine  durability /reliability.  This  approach  will  lead  to  timely 
definition  of  hardware  failure  mi  ales  as  opposed  to  delaying  them  into  the  deployment  phase  Figure  5  shows  an  example  of  a  developing 
data  base  which  can  reduce  the  uncertainty  in  usage  projections  such  as  SVH  and  rnaintenante  cost.  Finally,  this  data  base  is  used  to  make 
VNeibuli  life  projections  (see  figure  til.  which  can  then  he  related  to  variations  in  system  usage  through  life  prorating  techniques.  It  is 
interesting  to  note  that  this  approach  is  consistent  with  established  commercial  system  engine  practices  and  relates  aircraft  characteristics, 
mission,  mission  mix.  ground  time,  flight  time,  and  usage  to  both  scheduled  and  unscheduled  shop  visit  rates.  These  shop  visit  rates  drive 
major  elements  of  support  costs.  Such  results  are  verifiable  early  in  flight  test  phases  and  will  be  used  to  validate  or  adjust  testing  to 
project  the  impact  of  variations  in  usage  on  shop  visit  rates  and  maintenance  cost  factors 

Conclusion 


It  is  necessary  that  n  fundamental  understanding  of  the  functional  relationships  between  weapon  system  requirements,  and  engine 
performance,  operability,  and  life  factors  In-  achieved  early  in  the  aircraft  development  process.  Any  approach  that  lacks  definition  of  the 


r\ol\iug  weapon  systems  needs  will  severely  reduce  engineering's  capability  In  respond  In  the  normal  evaluation  ot  the  system,  iiikmkii  .md 
production  programs.  It  is  also  ini|>ortnnt  that  the  engine  aerodynamic  and  performance  flow  path  he  dented  and  <lelmed  and  that 
operability  and  durability  testing  requirements  he  based  on  projected  system  engine  operating  exposures  and  usage  la<l<>rs  Ktt«»ris  in 
haselme  and  balance  engine  durability  and  life  sensitivities  are  essential  il  predictable  levels  ol  system  capabditv.  opcrabilitt  and  engine 
support  cost  arc  to  be  achieved.  A  closing  consideration  is  that  flight  test  and  initial  deployment  are  onlv  the  beginning.  It  we  are  to  achieve 
one  ot  our  prime  objectives  an  acceptable  system  and  a  “satisfied  c.  stonier”  then,  the  tracking  of  usage  and  maintenance  parameters 
must  be  initiated  during  the  development  process  and  continued  throughout  the  lile  <>l  the  system.  This,  approach  forms  the  baseline  ot 
-mcesslid  engine  management  ami  supports  the  longevity  and  productivity  needs  ot  the  evolving  tactical  weapon  system 
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Paul  Chetail,  Air  l; ranee.  IT 

What  is  tin*  role  played  by  the  dillerenl  policies  of  inainlenance  m  the  author's  mathematical  model  ’  (liven  the 
same  intensity  and  level  ol  deterioration,  does  the  type  ol  maintenance  exert  an  influence  on  the  maintenance  cost'’ 

Author's  Reply 

Ihe  “type"  of  maintenance  in  terms  of  degree  of  teardown  and  frequency  of  inspection  certainly  impacts  the  cost 
of  operating  any  turhine  engine  fins  impact  is  due  to  two  factors  I  st.  physical  damage  due  to  a  primary  failure 
( i.e  secondary  damage),  ’nd.  increased  scrappage  due  to  operating  components  that  are  deteriorated  with  new. 
non-deteriorated  components.  There  are  other  maintenance  impacts  due  to  trim  and  ground  operation  hut  normally 
remain  of  a  secondary  nature 

Once  this  operating  scenario  is  established,  in  terms  of  the  base  line  or  statistical  data  needed  for  the  operation 
and  support  simulator,  the  projections  ol  shop  visit  rate  or  maintenance  cost  due  to  usage  variations  include  the 
factors  associated  with  “maintenance  type". 


Engine  Life  Development 

Brian  Brimelow 
General  Electric  Company 

Aircraft  Engine  Buelnete  Group 
(Mall  Drop  J137) 

Cincinnati.  Ohio  4521S.  US 

Figures  1  and  2  itaken  from  reference  1|  graphically  illustrate  how  rapidly  support  costs  have  increased 
in  a  time  span  of  two  decades  F  igure  1  shows  that  Operating  and  Support  costs  (O&S)  have  grown  from  35%  of  total 
life  cycle  cost  to  80%  of  the  total  life  cycle  cost  in  the  time  period  studied  Figure  2  shows  that,  despite  the  rapid 
increases  in  fuel  costs  the  elements  driving  this  increased  O&S  cost  are  maintenance  labcr  and  parts 
replacement  These  increasing  support  costs  of  propulsion  systems  have  generated  for  both  government 
and  industry  a  need  fo  reassess  their  approach  to  engine  development  Most  past  engine  developments  have 
emphasized  performance  as  the  primary  goal  and  used  reliability  criteria  based  on  approaches  which  were 
developed  for  electronic  systems  (in  those  cases  where  reliability  was  specified  at  all  )  There  has  been  little 
attempt  to  really  understand  the  causes  for  high  operating  costs  and  to  tailor  engine  development  accordingly 
What  has  to  be  done  is  to  set  cost  requ.rements,  then  prove  by  test  and  analysis  that  they  can  be  met  However  before 
the  development  test  effort  can  really  be  determined  a  thorough  understanding  of  the  total  system  requirement, 
as  t  affects  the  engine  must  be  obtained  This  aspect  has  not  been  adequately  addressed  in  the  past 


Figure  1  Figure  2 


Requirements  Definition 

Requirements  to  the  engine  manufacturer  come  in  the  form  of  thrust,  fuel  consumption  and  weight  that 
will  allow  an  aircraft  to  meet  a  specific  mission,  as  in  Figure  3  From  this  can  be  derived  a  design  mission  power  pro¬ 
file  i  e  X%  time  at  max  power,  Y%  at  intermediate  power,  and  Z%  at  cruise  for  various  combinations  of  altitude 
and  Mach  number  Unfortunately,  closer  examination  of  real  engine  usage  shows  that  hidden  behind  this  simple 
profile  is  a  maior  engine  variable  the  number  of  throttle  transients  to  be  expected  in  actual  flight  Figures  4 
and  5  show  the  variation  in  engine  usage  taken  from  actual  flight  data  to  the  same  profile  as  Figure  3 

Further  complicating  the  engine  usage  issue  is  the  fact  that  the  profile  and  throttle  transients  for  the 
design  wartime  missions  are  frequently  much  less  severe  than  the  training  profile  used  to  maintain  pilot  proficiency 
Lack  of  appreciation  for  the  magnitude  of  these  transients  is  reflected  in  past  qualification  requirements 


Typical  Mission  Power  Profile 


Minimum  Severity  Usage 


Tim#  in  decimal  Hour* 


Figure  3 


Figure  « 


T able  1  compares  the  MIL  5007C  endurance  qualification  which  was  used  in  the  late  60  s  and  early  70  s  to 
qualify  fighter  engines  with  a  current  endurance  test  based  on  flight  data  for  a  1000  hours  of  operation  The  com¬ 
parison  suggests  reasonable  correlation  between  earlier  test  and  flight  usage  for  steady  state  power  settings  but  is 
not  representative  in  terms  of  transient  usage  As  a  result,  engines  which  have  undergone  AMT  (Accelerated 
Mission  Test)  can  be  expected  to  have  superior  lives  in  real  service  usage  A  clearly  defined  engine  usage  spectrum 
is  a  prerequisite  tor  any  form  of  engine  parts  life  requirement  and  an  ability  to  estimate  parts  life  is  the  cornerstone  of 
support  cost  projections 
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Mean  Time  Between  Failure  (MTBF)  has  been  the  classical  measure  of  reliability  and  by  inference,  main¬ 
tenance  cost  Although  more  than  90%  of  maintenance  actions  are  taken  at  organizational  level  (Flight  Line  Main¬ 
tenance)  less  than  10%  of  the  operating  cost  occurs  at  this  level  (Figure  6)  Unlike  avionics,  a  combination  of 
high  costs  of  some  engine  parts  (e  g  cooled  turbine  buckets)  plus  a  wide  variation  in  the  cost  ot  gaining  access  to 
the  failed  part  makes  MTBF  inadequate  as  a  cost  control  requirement  for  the  engine  Examination  of  logistic  data 
shows  that  both  parts  and  labor  costs  are  directly  relatable  to  the  number  of  times  an  engine  comes  off  wing  and 
goes  to  an  intermediate  or  depot  maintenance  shop  (Figure  7)  MTBF  and  Mean  Time  Between  Maintenance  Action 
(MTBMA)  do  have  a  part  to  play  in  the  overall  reliability  picture  in  that  they  significantly  impact  two  other  critical 
areas  —  operational  readiness  and  mission  completions  however,  support  cost  reduction  requires  a  major  effort 
to  keep  the  engine  out  of  the  maintenance  shop  Predominant  causes  for  shop  visits  are  life  limited  parts,  system 
operability  problems  and  performance  deterioration  Targets  in  each  of  these  areas  must  be  determined  at  the 
outset  in  order  to  design  to  these  targets,  requirements  must  be  clearly  defined  as  to  the  weapon  system  objectives 
and  how  the  engine  will  be  used  to  achieve  these  objectives 


Propulsion  System  Cost  Breakdown 
(4  Year  Average  FY  75  -  FY  79) 
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In  the  operability  area  it  is  equally  important  to  define  the  range  of  conditions  required  for  the  aircraft  to 
meet  its  mission  requirements  The  protected  range  of  angle  of  attack,  yaw,  and  inlet  engine  flow  match  must  be 
determined  for  all  flight  conditions  to  which  the  aircraft  can  be  taken  in  controlled  condition  (Figure  8)  (Altitude 
and  Mach  number  for  these  maneuver  values  may  be  in  or  out  of  the  1  g  envelope  )  Failure  to  fullv  establish  these 
requirements  will  result  in  an  inadequate  test  program  followed  by  frequent  engine/control  rerr,  vals  because  of 
adverse  tolerances  stack-ups  of  otherwise  serviceable  components  Given  adequate  definition  of  the  aircraft 
requirements,  shop  visits  for  operability  problems  can  and  should  be  targeted  so  that  refurbishments  can  be 
carried  out  at  a  time  when  the  engine  is  removed  for  replacement  of  a  life  limited  item 

A  concensus  amongst  aircraft  propulsion  system  specialists  could  quickly  be  reached  about  figures  of 
merit  for  thrust  to  weight,  or  specific  fuel  consumption  of  a  military  engine  but  the  benchmarks  for  the  cost  per 
operating  hour  could  not  be  established  nearly  as  readily  Similarly,  the  qualification  of  engines  concentrates  on 
ensuring  that  the  engine  is  safe  to  fly  and  meets  performance;  however,  meaningful  test  requirements  for  sup¬ 
port  cost  projections  are  rare  if  not  non-existent  For  a  major  reduction  in  support  costs  to  be  achieved,  require¬ 
ments  directed  at  these  costs  will  have  to  be  issued  and  tests  to  verify  these  projections  made  part  of  the  qualifi¬ 
cation  process 

In  order  to  quantify  these  requirements.  General  Electric  has  a  system  of  ten  "Bottom  Line"  measures 
(Figure  9)  These  are  used  to  track  the  operating  costs  of  existing  systems  and  so  establish  the  design  target  or 
benchmarks  for  engines  under  development  The  payoff  or  "Bottom  Line"  for  making  durability/reliability  a 
prime  factor  in  engine  development  comes  in  the  form  of 

•  Lower  Operating  Costs 

•  Improved  Readiness 

•  More  Mission  Completions 
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Development  Program 

Once  the  requirements  are  understood  then  a  development  program  can  be  structured  to  prove  by  test 
that  the  durability/reliability  requirements  can  be  met  No  single  test  will  do  though,  there  are  many  (actors  to 
consider  This  program 

•  Tests  Parts  to  Failure 

This  is  necessary  to  establish  service  limits  and  to  establish  progression  rates  for  cracks  oxidation  and  other 
failure  modes  Minimum  failure  rates  are  established  by  operational  requirements  If  the  engine  does  not  meet 
these  rates,  improvements  must  be  made  and  proven 

•  Tests  an  Adequate  Statistical  Sample 

It  must  be  recognized  that  parts  have  individual  life  variations  An  adequate  test  sample  is  necessary  before  a 
Weibull  failure  distribution  can  be  plotted,  to  analyze  and  provide  reliable  life  predictions 
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•  Simulate*  Actual  Service  Usage  in  Testing 

To  accurately  evaluate  durability,  testing  must  simulate  the  actual  mission  In  terms  ot  hours  of  time  at  full 
temperature,  number  of  equivalent  full  throttle  cycles,  number  of  start  stop  cycles,  acceleration  times,  and  a 
representative  mix  of  maximum  rotor  speed  Additionally,  pressures  and  temperatures  must  be  typical  ot 
service  usage  across  the  flight  envelope  Figure  10  shows  the  flight  conditions  simulated  in  a  typical  develop¬ 
ment  test  series  Endurance  effort  is  concentrated  at  flight  conditions  typical  of  the  major  forecast  usage  Sys¬ 
tem  functional  tests  are  carried  out  at  all  points  of  the  projected  flight  envelope  For  realistic  cost  effective 
development  Accelerated  Mission  Testing  (AMT)  which  incorporates  extra  severity  and  eliminates  non-de¬ 
manding  portions  of  the  mission  is  now  the  standard  test  for  engine  endurance 
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•  Evaluates  All  Key  Failure  Modes 

High  cycle  fatigue  low  cycle  fatigue,  rupture  and  creep,  oxidation  and  burnout,  erosion,  and  physical  inter¬ 
ference  and  impact  are  some  of  the  key  failure  modes  that  engine  and  component  test  programs  must  consider 
Different  parts  have  different  dominant  failure  modes 

•  Simulates  All  Flight  Conditions  in  Test 

Durability  and  reliability  tests  must  include  various  altitude  sea  level  and  ram  engine  test  facilities,  as  well  as 
many  component  facilities  from  spin  pits  to  shake  tables 

•  Demonstrates  Life  and  Reliability  Requirements  Before  Production  to  Assure  Early  Maturity 

It  is  important  that  the  first  production  engine  meet  initial  service  requirements  for  reliability  and  durability 
These  requirements  must  be  established  in  the  engines  specification  and  testing  must  assure  requirements 
are  met  during  development  For  these  requirements  to  be  assessed,  it  is  essential  to  track  engine  usage  from 
flight  test  data  and  mission  projections 

•  Make*  Coat  Effectiveness  an  On-Going  Concern 

There  should  be  on-going  CIP  development  to  make  cost-effective  in  service  improvements  (such  as  improving 
repair  techniques  maintenance  methods  and  cost  reduction)  that  will  assure  that  engines  continue  to  meet 
Bottom  Line  Measures  ol  in-service  excellence  even  after  10-15  years  and  at  3000-4000  hours  age! 

Summarized  below  are  the  ma|or  test  techniques  necessary  to  a  successful  development  program: 

1.  Accelerated  Mission  Testing 

This  is  realistic  endurance  testing  ot  an  engine  under  conditions  that  closely  simulate  the  actual  usage  it  will 
be  subjected  to  m  field  operations  By  reducing  missions  to  then  cyclic  components,  equivalent  operational 
engine  running  time  is  more  rapidly  accumulated 

2.  Other€ngine  Testing 

—  Test  Cell  -  Other  engine  testing  where  all  aspects  of  the  complete  engine  characteristics  are  demon¬ 
strated  prior  to  qualification  These  include  ruggedness  (ingestion  of  foreign  objects,  ice.  etc  )  maintain¬ 
ability  demonstrations,  climate  environment,  etc 

—  Altitude  and  Ram  Facilities  -  The  purpose  of  these  complete  engine  tests  is  to  demonstrate  capability  and 
characteristics  of  operation  over  the  complete  flight  envelope  Stall  margins  are  measured  with  maximum 
inlet  distortion  and  the  interaction  of  controls  and  engine  transient  characteristics  are  determined  and 
augmentor  and  burner  stability  envelopes  are  mapped  In  addition,  instrumented  stress  and  structural 
capabilities  are  evaluated  at  the  most  severe  extremes  of  the  flight  envelope 
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3.  Special  Engine/Component  Testing 

Special  engine  component  testing  —  these  are  the  tests  which  supplement  AMT  endurance  and  other  com 
plete  engine  testing  in  order  to  evaluate  component  aerodynamics 
Table  2  shows  the  failure  modes  for  different  engine  components 
Table  3  shows  the  relationship  between  test  technique  and  failure  mode 


Table  3 


How  an  Accelerated  Mission  Test  (AMT)  is  Designed 

Since  the  AMT  test  is  now  the  backbone  of  durability  development,  it  is  worth  looking  at  how  such  a 
test  is  designed 

Steps  in  creating  an  AMT 

1  Airtramer  and  military  service  define  aircraft  missions: 

Flight  conditions 

Throttle  usage  -  time  at  full  power  and  number  and  type  of  cycles 
Time  of  each  leg  and  mix  of  missions 

2  These  missions  are  surveyed  to  separate  the  ma|or  elements  affecting  engine  durability  from  those 
portions  of  the  missions  which  have  little  or  no  effect 

Low  cycle  fatigue  cycles 
Thermal  cycles 
Time  at  max  power 
Afterburner  light  cycles 

Figure  11  compares  the  relative  severity  of  the  AMT  duty  cycle  with  the  potential  applications  While 
the  AMT  cycle  is  intended  specifically  to  evaluate  the  engine  in  2000  mission  hours  in  the  F-16.  the 
severity  of  the  test  cycle  will  give  excellent  results  applicable  to  both  the  F-15  and  F-14 


Major  Elements  Affecting  Engine  Durability 

2000  Mission  Hours  / (640  hours  of  AMT) 
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Figure  11 


3  Once  the  major  elements  and  mission  severity  are  identified,  they  are  translated  into  test  cycles 
which  simulate  the  same  or  harsher  engine  usage  Throttle  movements  approximate  realistic  pilot 
actions  The  specific  engine  test  cycles  used  in  performing  the  AMT  are  illustrated  in  Figure  12 


Fighter  AMT  -  Engine  Test  Cycles 
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Clearly  there  has  to  be  a  system  provided  to  link  operating  costs  to  the  component  lives  as  tested  by 
AMT.  spin  pit.  rig  tests,  etc  This  is  provided  by  logistic  models  combined  with  mission  severity  models.  Data 
requirements  for  such  a  model  are  listed  inTable  4. The  mission  severity  model  uses  the  test  data  base  and  pro¬ 
jects  service  lives  based  on  the  protected  engine  usage  (Figure  13)  For  non-life  limited  parts  reliability  growth 
is  predicted  based  on  past  experience  and  the  early  development  history  The  logistic  model  takes  Into  account 
the  scenario  infrastructure,  number  of  bases,  locations,  flying  rates,  maintenance  turnaround  times,  pipeline  times, 
etc  It  also  should  be  capable  of  assessing  secondary  damage  to  be  expected  after  the  initial  failures  and  the 
impact  of  the  maintenance  policies  selected  In  this  way  parts  life  and  reliability  can  be  converted  in  $'s  per  hour, 
thereby  ensuring  engineering  requirements  (parts  life)  which  can  be  demonstrated  by  test  and  be  used  to  verify 
cost  requirements. 
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Figure  13 


Operational  Support  Requirements 

One  thing  is  almost  a  certainty  in  a  military  development,  that  is  by  the  time  a  system  actually  com¬ 
pletes  a  development  and  is  deployed  the  planned  usage  will  change  either  because  of  a  change  m  role  or  required 
tactics  (Even  if  the  role  does  not  change,  actual  usage  may  differ  from  that  protected  I  T o  this  end  although  not 
discussed  in  detail  in  this  paper,  the  ability  to  track  actual  engine  life  consumption  m  service  on  all  engines  is 
mandatory  to  an  efficient  logistics  system 

Advanced  logistic  models  referred  to  earlier  can  protect  spares  needs  based  on  these  new  life  inputs, 
thereby  allowing  for  forward  looking  logistic  requirements  rather  than  systems  which  look  at  the  previous  years 
requirement  to  determine  the  next  buy  With  hot  section  lives  capable  of  3-6  years  already  being  demonstrated 
on  advanced  engines,  a  backward  looking  logistic  system  is  obviously  the  route  to  disastrous  spares  shortage 
when  wearout  does  appear 

Life  prediction  based  on  real  usage  combined  with  an  adequate  test  base  and  modern  spares  fore¬ 
casting  techniques  allow  rational  |udgments  to  be  made  on  the  changes  necessary  to  spares  provisioning.  It 
also  provides  the  key  to  any  additional  durability  development 

Having  established  the  need  and  the  capability  to  project  operating  costs  for  engines,  the  major  ques¬ 
tion  remains  what  numbers  are  realistic7  Figure  14  shows  the  bottom  line  numbers  for  line  existing  in-service 
engines  and  compares  them  to  the  goals  of  GE  s  latest  fighter  engines  .  .  the  F404  which  is  in  the  early  stage  of 
production  and  the  F101  DFE  which  is  in  development 
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The  figures  shown  are  for  the  mature  goals.  Equally  important  is  to  achieve  this  maturity  early.  Figure 
1 5  is  typical  of  the  goal  for  these  engines  in  terms  of  when  maturity  should  be  achieved.  This  early  maturity  is  not 
only  highly  desirable  to  minimize  early  support  cost  and  maximize  operational  availability,  it  is  absolutely  vital  to 
avoid  prohibitive  modification  and  post-production  development  costs  This  can  be  achieved  by  a  reorientation 
of  the  development  effort  (Figure  16)  This  approach  where  required  parts  life  is  established  prior  to  production 
combined  with  maximum  effort  fix  cycle  for  early  service  reliability  problems  (some  of  which  must  be  anticipated) 
can  achieve  the  goal  of  acceptable  support  costs  for  advanced  systems 
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DISCUSSION 


Jack  Sammans.  Pratt  tk  Whitney.  US 

( Inc  nl  your  major  points  is  that  Operating  and  Support  cost  is  driven  In  Shop  Yisil  Kate.  This  was.  ol  course,  quite 
true  in  the  ease  ol  earlier  aircraft  With  the  more  modern  aircraft,  the  engines  can  he  removed  much  faster  than 
hetorc  Often  a  decision  must  he  made  at  the  operational  level  whether  to  repair  the  engine  in  the  oil  craft  and  stand 
the  aircraft  down,  or  change  engines  and  fly. 

Do  you  expect  $  I  1  II  to  correlate  as  well  with  SVK  on  the  present  generation  of  tighter  aircraft 
Author's  Reply 

flic  data  presented.  I  believe,  contains  two  ol  our  most  recent  fighter  engines.  I  also  believe  the  majority  ot  the 
maintenance  costs  are  accumulated  at  either  the  intermediate  shop  or  at  the  depot.  Costs  associated  with  Iliglit  line 
maintenance  arc  a  minor  part  ol  the  overall  maintenance  cost 

In  summary  .  I  do  expect  this  correlation  to  continue.  I  might  add  it  is  necessary  to  take  great  care  when  using  the 
ISM  data  system  to  measure  engine  costs,  as  1 1  -  ire  are  sev eral  quirks  associated  with  how  the  data  is  initially 
entered 
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SIMC  I  I  I  CAT  I  ON  DIS  ISSAIS  Ml  111  VU.OITI. MI  NT 
POUR  UN  MOTHIR  U'  AVION  01.  COMBAT 

.1  .  CARUt  I. 

I  in;  On  i  our  on  Chel  "lutur  Mo  tour  Militairo" 
S.N.b.C.M.A.  -  V I  I.I.AKOOIII 
"■sr.n  -  MO  I  SNY  -  C  RAMA  YU. 


la  SM.CMA  a  unc  production  divetsilicc  de  moteurs  civils  ct  m  i  1  i  ta  i  res . 

In  cc  dernier  domainc,  1  '  assoc  i  a  t  ion  dcs  moteurs  SNbCMA  a  tut  cellules  do  s  At  ions  Mirage  do 
Passault  a  domic  lieu  a  unc  f  ami  lie  d’avions  dont  la  reputation  stir  le  plan  mondial  n'est 
plus  a  fairc.  Rappelons  que  les  moteurs  Atar  DC  cquipent  les  avions  Mirage  III,  les  moteurs 
Atar  !>K  prepulsent  les  Mirages  I\’  de  la  force  Aerienne  Strategiquc  Crania  i  sc,  tandis  quo  les 
moteurs  Atar  PKSO  sont  montes  sur  Mirage  11  et  depuis  pen  snr  Mirage  So.  Na ture 1  I  omen t ,  1'e- 
volution  des  moteurs  Atar  dti  DC  ait  RKSO  a  essent  iel  lcmcit  etc  unc  augmentation  de  pousstc  en 
sec  et  en  PC  puisque  cclles-ci  sont  passecs  respect  ivement  de  4,4  T  a  S  T  et  de  (>,J  1  a  a ,  I. 
I. a  plus  recente  version  d'avions  Mirage,  le  1000,  ainsi  que  lc  prototype  Mirage  1000  fhireac- 
tcur)  sont  eqtiipes  du  moteur  simple  corps  double  flux  M  To.  Nous  aliens  deer  ire  la  fayon  dont 
a  etc  conduit  le  dcvel oppement  de  ces  deux  moteurs. 


1.  STRUCTURI,  P  ’  UN  I’ROGRAMMb  1U  U1  Vi  i.OIMM  MI  NT 

Chaque  type  de  moteur  a  son  programme  propre  de  d  eve  1  oppement  ,  qu  i  depend  des  applications 
part  icu]  icrcs  du  moteur  lui-meme,  ma  i  s  aussi  de  l'evolution  dans  la  fa  yon  d  'apprehender  la 
conduite  d'tin  dove  1  oppement  moteur.  II  existc  cependant  des  categories  d'essais  que  l'on  re- 
trouve  touiours  dans  tin  programme,  ma  i  s  qu  i  peuvent  prendre  plus  ou  meins  d '  importance  scion 
la  maniere  dont,  precisement  est  conduit  cc  programme. 

lin  amont,  on  trouve  les  cssais  partiels  par  pieces,  composants  ou  sous  ensembles  moteurs  ; 
ce  sont  les  essais  de  ca rac ter i sa t i on  des  principaux  elements  (comprcsseurs ,  turbines,  cham- 
bres  de  combustion,  rechauffe,  tuyeres,  etc. ..I  ainsi  que  tics  essais  mecaniqucs  destines  a 
verifier  la  validitc  de  conception  tic  certaines  pieces. 

Pans  le  memc  temps,  et  tin  pen  dans  la  memo  categoric  <|ite  les  essais  partiels,  on  trouve 
les  essais  d ' equipement s  (regulation  d 'ensemble  du  moteur  et  tous  les  equipements  associes). 
fnsuitc,  viennent  les  essais  sur  moteur  complet,  qui  peuvent  varier  scion  la  nature  tie  l'essai 
(essais  do  ca rac t or i sa t ion  font  t tonne  1 l e ,  mecanique,  d'endurancc,  ou  essais  contrac tuel s ) . 

I.nfin  tint  lien  les  cssais  en  vol,  qui,  commc  les  essais  an  sol,  peuvent  appartenir  a  plu- 
sieurs  categories  scion  les  conditions  d'essais  (vols  sur  porteur subsonique,  ou  (ct)  sur  banc 
volant  rapitle,  puis  sur  1 'avion  tie  dotationjou  scion  le  caiactere  contractucl  de  l'essai. 

J  .  !  I'Rl  ItVI  S  CO.VI  RAC  I  111,1,1  I  s 

riiatpie  pays  avant  unc  imlustrie  tie  moteurs  d'avions  a  scs  propres  categories  d'epreuves 
cont  rac  tuel  1  es .  In  1  ranee,  tout  moteur  J 'avion  militairo  a  a  satisfaire  mix  dpreuves  sili¬ 
ca  ntes  : 

-'.I.  1  preuves  cont  rac  fuel  1  es  an  banc  sol 

I  preuve  tie  puissance  ( I’ I  :  cet  essai  a  pour  but  tie  verifier  que  le  moteur  realise 
pendant  4  minutes  I  a  poussee  maxi  prevue  au  contrat.  11  pent  y  avoir  plusieurs  essais  a 
ties  n  iviaiu  croissants  de  puissance. 

!  preuve  de  qualification  pour  vol  (<))  :  il  s'agit  d'un  cssai  d'endurancc  de  SO  beures 

real  iso  scion  ties  cycles  del  inis  dans  le  content,  le  but  est  tie  demontrer  tine  sociiritc 
It'iit'l  HMiml  lc  sa  t  i  s  fa  t  sa  it  t  e  pour  autoriser  ties  vols  aver  tin  potentiel  limite. 

I  preuve  tl '  homo  1  ega  t  i  on  ('ll  :  e’est  tin  essai  d'endurancc  tie  ISO  hetires,  comportant  tine 
pa  t  t  i  e  il’ essais  dans  les  cuntl  i  t  ions  sol,  et  tine  autre  partie  dans  les  cotnlitions  ,1'altitu- 
de  •-'tinulee  en  caisson.  Cette  denticle  est  constitute  tic  cycles  bases  sur  It  s  feints  de  vol 
print,  (pans  tie  la  mission  tie  1’avion,  dont  Its  conditions  a  e r o t  hermod yn.uu  i  quo s  sont  oxatte- 
nont  1 1  st  i  t  iit'cs  a  l'entree  tlu  moteur.  II  s'agit  done  en  fait  d'linc  premiere  apprt'che  d’en- 
tlurance  tians  les  cuntl  i  t  ions  tie  mission  simulee. 

I  'nbjet  de  cot  essai  est  tie  verifier  le  compo  r  t  einen  t  mecanique  sa  t  i  s  f  a  i  sa  n  t  tie  la  machine, 
dont  tous  les  composants  doivont  otic  ret  routes  en  bon  etat  general  it  la  fin  tie  l'essai. 

Ni  tel  n'est  pas  le  cas,  t|uantl  les  tlefauts  sont  mineurs,  one  prolongation  limitee  tie  1  'os¬ 
sa  i  pent  ct  re  domandee  par  les  services  ofl  it'iels. 

I  preuves  tit  performances  :  lent  nbjet  est  tie  driller  qtie  les  pci  formant,  es  reel  les 
du  moteur  sunt  super  ieures  aux  valeui  tit1  lejet  ttiutcn  tuel  It'S  figurant  tians  les  ,.  laust's 
t  et  bn  i  que  *•  o  I  lit  iel  les. 
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I  pi  onvi'  <.  on  t  r ;u’ t  in*  1  1  i*  ('n  vol 


Hon  Jo  vol  sorio  :  los  oss.iis  sont  realises  sur  avion  d’armc.  l,cur  but  est  de  demon- 
tie?  la  eompa t  i  b  i  1  i  t e  moteur  avion  ct  la  eapaeite  dc  I1 ensemble  a  eouvrir  la  totalite  des 
"'pee  i  t  i  oa  t  i  oils  avee  ilu  materiel  tie  serie.  Autremcnt  d  i  t  ,  a  partir  d'un  ee  bant  i  1  I  onnage  de 
materiel  reeeptionne  en  serie,  los  points  critiques  ties  specifications  sont  verifies  avee 
le  materiel  a  priori  le  plus  in  a  1  place  pour  chacun  de  ccs  points  critiques.  Par  exemple, 
les  temps  tl  ’  acce  1  ei  a  t  i  on  sont  evalucs  avee  les  motcurs  dont  les  replaces  sont  les  moins 
lavorables  a  ce  sujet,  que  ce  soit  an  point  do  vuc  marge  an  pompage  ou  temps  d’accelera- 
t  ion  proprement  tl  i  t . 


la  campagne  d'essais  est  organiser  avee  en  gros,  line  periode  preparatoire  sous  res- 
ponsabilite  du  const  rue  tour  avee  suivi  CI.Y ,  et  tine  autre  periode  sous  responsab  i  1  i  te  CI.Y 
mi  i  (piemen  t .  11  er.  resulte  la  definition  do  consigncs  officiellcs  d '  ut  i  1  i  sat  ion  du  materiel. 


le  type  d'epreuve  n'existc  qu'en  Prance.  Sa  durec  s'etale  sur  plusieurs  mois,  car  la 
masse  d'essais  et  dc  verifications  est  considerable.  Pn  con t repar t i c ,  il  faut  souligner 
U"'  conditions  rema rquab 1 es  dans  lesquelles  le  materiel  entame  sa  vie  opera t i onne II e .  Le 
Virago  I  1  -9KM1  et  1  'a  lpha  jct-I.arzac  en  temoignent. 


'  .  !M  \  !  !  t'lTl  Ml  NT  1H1  MOTI  UR  ATAR  9KS0 

It  reteui  A  tar  9KS0  est  une  version  derivec  du  moteur  Atar  9K  propulsant  le  bireacteur 
'Mi. in-  \\  i t  igure  1)  et  destine  a  equiper  1* avion  polyvalent  Mirage  PI. 


ATAR  9K50 


les  object ifs  vises,  par  rapport  a  l'Atar  i>K ,  otaient  : 

.  une  amelioration  de  la  (Is  a  basso  altitude  (penetration), 

.  one  amelioration  dc  la  poussoc  en  superson i que , 

.  1 'adapt  at  ion  a  tin  monomoteur  de  combat  avee  des  exigences  part  icul  ieres  sur  los  plans 
manocuvrah  i  1  i  to  et  sccurite  dc  fonct ionnement .  Dans  ce  hut,  les  principalcs  modifica¬ 
tions  introduites  ont  etc  : 

-  la  modification  dc  d  grilles  comprcsseur  pour  augmenter  le  debit  ct  la  marge  au 
pompage , 

-  une  amelioration  de  la  ehamhre  dc  combustion  pour  adaptation  des  temperatures  de 
parois  ct  dcs  repartitions  sortie  chambrc  a  une  temperature  entree  turbine  plus 
0  levee, 

-  une  nouvclle  turbine  ainsi  qu'un  raccordement  sortie  turbine  redcssine  afin  d'ame- 
liorer  rendement  ct  duree  dc  vie, 

-  egalement  une  modification  dc  1' injection  du  carhurant  dans  la  rechauffe  pour  amc- 
1 iorer  le  rendement, 

-  enfin,  de  nouveaux  equipements  pour  ameliorcr  les  qualitcs  operat ionncl les  ainsi 
que  la  fiabilite  font t ionncl 1 c. 

I  tant  domic  que  le  moteur  Atar  DKSO  est  un  derive  d'un  moteur  existant,  son  programme  dc 
developpement  a  etc  nature  1 1 ement  different  d'un  moteur  nouveau. 

a  .  I  .  I.ssa  i  s  pa  r  t  i  c  1  s 

I  Is  ont  porte  sur  les  composants  modifies  cites  plus  haut,  ct  ont  etc  pen  nembroux 
a  cause  du  f a i h 1 e  nomhre  de  parties  conccrnecs,  mais  aussi  parcc  quo  les  modifications 
s  ’  app  1  i  qua  i  cut  a  du  materiel  connu,  ce  qu  i  est  fort  different  du  ens  oil  le  materiel  est 
comp  1 et ement  nouveau,  C'cst  pourquoi  la  realisation  rapide  d'essais  moteur  fut  possible, 
et  1 'accent  a  done  etc  Je 1  i her omen t  place  sur  les  ossa  is  de  motcurs  complets. 
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5..’.  Issais  mu  turn  an  banc 
3  .  J  .  1  .  Const  nii  t  cur 

I. os  cssais  ont  etc  nombronx  :  ISO  cssais  out  etc  realises  dopuis  la  premiere 
rotation  an  ha  no  le  "  fevrier  l9(»K,dans  les  phases  "Developpomcnt”  et  "l.xpl  o  i  ta  t  i  on" , 
Jo  nature  ties  diverse  : 

.  essais  devaluation  pour  orienter  certains  choix  t ochno 1 og i quos, 

.  misc  an  point  do  la  solution  t echnol og ique  rctenue, 

.  cssais  ile  oarac  ter  i  sa  t  i  on  ,  genera  1  ement  sin  3  nioteurs,  pour  etahlir  une 
base  de  mesures  mnyennes, 

.  essais  de  retention  carter  avec  rupture  volontaire  d’uric  aube  de  turbine. 
3.7.J.  l.preuves  cent  rac  t  tic  1  1  es 

I.  *  enc  ha  i  nemcn  t  dcs  epreuves  cent  rac  t  ue  1  1  es  s'est  cffectue  a  un  rythmc  t  res 
lapiile,  I'acilite  na  ture  1  1  ement  par  le  fait  qu '  i  1  s'agissait  d  'un  moteur  derive,  et 
non  d * un  moteur  nouveau.  C'est  ainsi  quo  l'epreuve  de  puissance  cut  lieu  deux  jours 
apres  la  premiere  rotation  du  moteur,  et  l'epreuve  de  qualification  pour  vo 1  fut  sa- 
tisfaite  sept  mo i s  plus  tard. 

Quant  a  l’epreuve  T,  elle  out  lieu  un  an  apres  l'epreuve  Q,  dans  les  condi- 
t ions  ment icnnecs  preceJemment ,  sous  cont  role  des  services  officiols  naturel lemont . 

II  I'aut  sotiligner  encore  une  fois  I'intcret  de  ce  type  d'epreuve,  car  1 ’experience 
'.‘KSO  on  vie  opera  t  ionnel  1  e  depuis  maintenant  J30  000  hemes  a  inontre  que  jamais  un 
probleme  de  f one t  i onncnicnt  moteur  n'a  etc  rencontre  on  vol. 

I.es  epreuves  de  performances  ont  etc  husoes  sur  des  points  central  tuel  s 
types,  beux  mot  ours  de  developpcment  ont  d'abord  etc  cnractor isos,  avec  confirma¬ 
tion  sur  deux  nioteurs  serie  ensuite. 

3.5.  Issais  moteur  on  vol 

I.es  essais  constructcur  ont  d'abord  oto  effectues  sur  avion  porteur  Armagnac, 
sur tout  pour  l'ctude  du  compor t ement  du  compresseur  on  vol.  Insuite,  un  Atar  9K  a  etc 
transforme  pour  rccovoir  les  6qui percents  du  PKSO  et  etre  essayo  en  vol.  If autre  part, 
il  a  etc  precede  a  divers  essais  de  carac  toi  i  sat  icn  on  vol  des  prohleines  d'  interfaces 
avion  -  moteur. 

l.o  "bon  do  vol  prototype"  a  etc  realise  sin  avion  Mirage  111  et  acquis  cn  fevrier 
1 1)70.  La  campagne  d ’essais  correspondant  an  "bon  de  vol  serie"  s'est  deroulce  en  8  mois 
pie  ins  repartis  sur  J  ans  :  de  novemhre  19*0  a  decembre  19"2. 

4.  DIAL  LOm.MLNT  mi  MO  I  I.IIR  M  S3 

l.o  moteur  M  S3  cst  un  moteur  simple  corps  double  flux  (figure  1)  dont  la  conception  a 
etc  voultio  simple  des  le  depart  cn  raison  des  problomcs  do  cofit  et  d’entretien. 


M  53 


II  s  ’  a  ^  i  t  ccttc  fois  J'un 
!>K5t).  S;i  conception  remonte  a 
merit  poussc  dcs  composants  en 


moterir  entierement  nouveau,  ct  non  d'nn  derive  commc  l'Atar 
et  3  ccttc  epoque  ! 'accent  a  f’tc  mis  sur  un  dcveloppc- 
cssais  partiels,  dans  1 ' idee  dc  reduire  les  cssais  moteur. 


V 


\  .  I  .  I  ssa  i  s  pa  i  t  1 1'  I  s 

Le  point  a  done  etc  l'objet  d'un  effort  part icul ici .  Tons  les  elements  const i tut i f s 
principaux  du  nioteur  out  d'abord  ete  essayes,  ca rac ter i ses ,  developpes  cn  essais  partiels. 
Quo  co  soient  lo  comprcsseur ,  la  chamhre  dc  combustion,  1 cs  turbines,  les  equipements 
principaux,  lc  circuit  carburant,  etc... 

La  plupart  do  ces  typos  d1 essais  sent  bien  connus,  nous  allons  decrire  un  pen  plus 
on  details  un  montage  mo  ins  ropaiulu,  utilise  pour  la  mise  au  point  dc  la  rechauffe.  Un 
banc  d'essais  partiels  a  ete  spdcialement  construit  au  HI: Pr  tie  Saclay  pour  permettre  le 
ddvcloppement  do  la  rechauffe  echollo  grandeur  d'une  chambre  de  rechauffe  et  d'un  systemc 
PC  M  S3  (figure  3). 


INSTALLATION  POUR  ESSAIS  PARTIELS 

_  DE  RECHAUFFE 


In  amont  out  etc  effcctucs  les  classiques  essais  de  rechauffe  cn  vcine  h  id  imens  i  on- 
nellc.  La  vcine  t  r  id  imensi  onncl  1  e  eta  it  done  constitute,  pour  lc  flux  primaire  d'une  chains 
Lie  de  prtchauffc,  uux  dimensions  importantes  comptc  tenu  du  debit-volume  eleve,  d’un  dis- 
positif  mdlangeiir  de  maniere  a  controler  et  uniformiser  la  repartition  dc  temperature  a 
1 'entree  du  systemc  l’(l,  ct  pour  lc  flux  sccondaire  d'une  alimentation  separec  par  trois 
conduits  so  rojoignant  dans  unc  piece  commune  pour  la  transition  a  unc  section  annulairc 
a  la  confluence  avee  lc  flux  eliaud.  Au-dela,  la  vcine  I’d  etait  constitute  d'un  veritable 
canal  M  a 3 ,  avec  une  tuyere  a  section  variable.  Les  debits  d'air  et  dc  carburant  etaient 
centroids  et  adaptes  aux  conditions  dc  vol  dcsirecs.  Tout  lc  domaine  dc  vol  M  53  pouvait 
otic  ainsi  rest  it  no  on  conditions  amont  I’d 

Les  raisons  t|u  i  out  conduit  a  realiscr  cc  banc  ont  etc  d'abord  la  possibilitc  de  tes¬ 
ter  le  systemc  do  rechauffe  dans  des  conditions  mo tour  avant  la  d i sponi hi  1 i t e  de  celui-ci. 
b’aiitrc  part,  le  M  55  posait  un  problemc  particuticr  a  resoudre  cn  raison  du  niveau  eleve 
do  temperature  sortie  flux  primaire,  ct  dcs  prohl ernes  therm iques  et  surtout  des  risques  de 
cokcl'action  du  carburant  dans  les  rampes  d'injection  quo  cola  posait.  d'est  pourquoi  la 
possibilitc  de  lonct  ionner  avec  du  carburant  chaud  a  etc  realistic.  Ces  risques  ont  done 
etc  quantifies  grace  a  1 ' liomogenc i t e  de  la  temperature  sortie  flux  chaud,  et  les  solutions 
appropriees  out  etc  degagees.  Au-dela,  bien  entendu,  ce  banc  a  servi  a  resoudre  d'autres 
prohlcmcs  apparus  sur  moteur,  gagrint  un  temps  appreciable  puisque  les  essais  n'etaient 
pas  lies  a  la  d i sponihi I i tc  du  moteur. 

La  rechauffe  du  moteur  M  53  cst  aujourd'hui  bien  au  point,  ct  la  contribution  appor- 
t de  par  ce  banc  a  etc  tris  importante,  ce  qu i  rend  probable  une  approche  identique  dans  lo 
programme  du  moteur  M  8S. 

Un  autre  exempli-  ost  celui  des  equipements  pour  qu  i  les  essais  dc  simulation  ont  etc 
pa i t i c ul i e rcment  pousses  ct  out  constitue  une  aide  appreciable  a  la  conception  et  a  la  mise 
a ii  point  ile  la  regulation. 

Ilans  un  premier  static,  le  moteur  et  tons  les  equipements  ont  etc  simules.  Le  mover  mis 
on  oeuvre  a  etc  un  s  inm  1  a  t  eu  r  bybride  capable  J  ’  evo  1  u  t  i  oils  aux  "grands  ordros"  dont  la  par- 
tie  numerique  a  realise  la  simulation  du  moteur,  la  partie  analogique  realisant  Celle  des 
equipements.  Cette  simulation  a  ete  mi  element  fundamental  au  static  initial  tin  projet  pout 
tester  lc  compo r t omen t  dynamique  assoc ie  aux  diverses  lois  de  regulations  envisagees,  pour 
choisir  la  structure  f out t i onne 1 1 e  la  mieux  adaptee  et  specifier  avec  precision  les  equipc- 
ment s . 

Pans  un  deuxieme  static,  le  caleulateur  electroniquc  tie  regulation  cn  vraic  grandeur  a 
etd  couple  au  simulatcur  hybritle,  moyennant  une  simulation  ties  interfaces  entre  le  calcu- 
lateur  tie  regulation  ct  scs  entrees/sorties.  11  a  etc  alors  possible  tie  tester  le  compor- 
tement  dynamique  ohtenu  avec  le  caleulateur  electroniquc  rfel,  tie  mettle  au  point  et  tl’op- 
timiser  les  "rcscatix  cor  rec  t  eur  s"  et  le  sequencement  ties  fonctions  qu  ’  i  1  assure. 
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Pans  un  troisieme  static,  lorsquc  les  rcgu  1  a  t  cuts  hydroniecan  iques  out  etc  fabr  iques , 
tester  sur  bane  Jo  rcgu  1  a  t  cur  ct  out  fait  1  *  o  b  i  c*  t  d'une  m  sc  an  point  piealahle,  les 
essais  d'enscmhle  tic  tons  les  etjn  i  percent  s  importants  (  hvd  romt'c a  n  i  ques  et  elect  roiinjiics  i 
out  etc  cffectues  sur  un  bane  siniulatcur  comportant 

‘  .  un  siniulatcur  tlu  inotcur,  capable  <1  *  evo  1  u  t  i  ons  aux  grands  unites, 

.  tics  servitudes  permettant  lc  fone  t  ionnetnen  t  ties  cqu  i  peincn  t  s  hydroniecan  i  ques  ct  elec- 
t  run  i ques , 

.  vies  convert  i  sseurs  t  tans  To  rma  n  t  les  commandos  physiques  idebit  vie  carburant,  pusi- 
t  ieii,.  .  .  )  dclivrees  par  les  equipements  on  ties  valours  electriqucs  compatibles  avec  lc 
siniulatcur  motcur  ct  rostituant  aux  equipements  sous  forme  physique  (vi  tosses  tic  rota- 
i  t ion,  ju  css  ions  pneuma t iques , . . . )  les  parametros  motcur  elabores  c 1 ec t r i quement  par  lc 

s  i  imi  1  a  t  cn  r  . 

la  m  i  sc  on  ('em  re  dcs  rcgulatcurs  hydroniecan  iques  cn  vraie  grandeur  ameliorc  la  re- 
*  pi  t’si'i't.it  i\  itc  vies  travaux  tie  simulation  ct  a  accru  la  finesse  tie  la  misc  an  point. 

t  i  1 1  ■  n  s  iH't.iinincnt  la  misc  an  point  definitive  tlu  rescan  currectcur  do  la  regulation  tachy- 
v ft:  ique  pour  1*  ensemble  dcs  conditions  do  vol  ,  ct  1 ’etude  dcs  reconfigurations  resultant 
d'une  panne  du  t  a  leu  la  tour  e  1  ec  t  ton  ique . 

la  misc  a  iour  permanente  du  modele  tic  simulation  Ju  motcur,  an  fur  ct  a  mesure  dcs 

t  v  v  lution^  vlu  me  t  cut  pendant  la  phase  do  dove  1  oppement  ,  a  perm  is  dc  preparer  sur  bane  si- 

ula  T  eui  l't*\  elution  resultan  to  vies  ieglap.es  et  1  '  j  n  t  rod  lie  t  i  on  ties  nouvclles  fone  t  ions 

i .  i  1 1  •-  le*'  e  vju  i  pt  T!  en  t  s  ,  et  a  ent  rairu*  line  reduction  notable  vies  temps  vl 'essais  fonctionncls 

"i;i  :">  !(. m  ,  ainsi  tju’une  meilleure  optimisation  ties  reglag.es  obtenus  compte  tenu  tie  la 
p  ( '  **  s  i  1  ■  i  1  i  t  e  vie  realiser  ties  ex  p  1  ora  t  i  ons  plus  larges  sur  siniulatcur  quo  sur  motcur. 

I .  J  .  Issais  ."loteur  an  banc 

’ .  .  I  .  Issais  cens  t  rue  f  en  r 

l.e  premier  motcur  M.To-2  a  tournc  an  banc  debut  19*0.  I.es  performances  nomi- 
nales  <'nt  etc  tits  rapidement  attcintes,  ct  line  premiere  endurance  de  SO  heures  a 
ainsi  pu  etre  effect  nee  pour  mi -19“0. 

I.'objct  dcs  premiers  essais  a  etc,  en  dehors  des  performances,  la  caracteri- 
I  sat  ii'ii  du  compor tement  mecanique  d’enseinble  de  la  machine,  puis  1  *  introduct  ion  d’elc- 

ments  definitifs  du  motcur  qu i  n’etaient  pas  presents  an  depart,  comme  par  exemple  lc 
iclai  tl  ’  accesso  i  res  et  la  regulation  du  motcur. 

4  . .  2  .  1  preuves  cent rac tucl 1 cs 

P'eprcuve  de  puissance  complete  (sec  et  PC)  fut  effectuec  on  ma  i  1971. 

Pivcrscs  epreuves  de  SO  heures  (qualification  pour  vol)  ont  etc  realiscos 
ensuite,  cor respondant  a  differentes  configurations  du  motcur,  surtout  an  niveau  du 
^vstonie  tie  regulation,  dont  devolution  etait  detcrmincc  par  les  rcsultats  des  essais 
part  ie Is  evoques  plus  haut. 

Iln  motcur  a  passe  avec  sueces  l'eprcuve  Q  pour  vol  sur  Mirage  PI,  modifie 
cn  na i  19"  4. 

1  Inf  in  l'eprcuve  T  (ISO  heures)  a  etc  realisce  entre  novembre  ct  dccembre  19"4. 

Comme  pour  l’Atar  9KS0,  cctte  epreuve  fut  realisce  avec  tine  partic  tie  cycles  simu¬ 
lant  la  mission  en  caisson  d'altitude.  Tout  le  domaine  de  vol  a  etc  convert,  avec 
memo  certaines  excursions  au-dcla  puisqu'un  fonct ionnement  cor respondant  a  Mach  2,4 
000  ft  cut  lieu. 

4.S.  Issais  motcur  en  vol 

I.es  essais  const  rue  tour  ont  d'abord  eu  lieu  sur  avion  porteur  Caravel  le,  avec  un  pre¬ 
mier  vol  y.  ,\  ini  1  let  19"S.  11s  ont  eu  pour  but  d'  affinor  les  r6glages  de  la  regulation  du 
motcur,  ainsi  quo  la  misc  au  point  de  la  rechauffe,  dans  lc  domaine  de  vol  do  la  Caravel  lc. 
lies  altitudes  super  i  cures  a  "  =  SO  000  f  t  -  V  =  1  SO  Knts,ont  ainsi  etc  cxplorecs. 

Des  vols  sur  banc  volant  rapide  Mirage  PI  ont  depute  cn  dccembre  1974. 

l.e  premier  vol  du  Mirage  2000  a  eu  lieu  cn  mars  1978  .  Pc  programme  lion  do  vol  scric 
cst  en  cours  ac  tucl  lenient . 

S.  PPVPPOPP  PM1.NT  O'  UN  MO  TP.  UK  Ml  I.ITA  I  HP  PTJTIIR 

Pcs  deux  moteurs  dont  il  vient  d'etre  question  ont  etc  dcvclopp6s  d'une  manierc  ”c  lass  ique" . 

'  P  '  f’vol  u  t  ion  des  conditions  d 'ut i 1 i sat  ion  dcs  moteurs  pour  avions  dc  combat,  due  a  1 'evolu¬ 

tion  des  performances  des  avions,  a  pour  consequence  unc  approche  sensihlement  differente  d'un 
programme  dc  tie vc  1  oppement  de  motcur  nouveau,  comme  lc  M  SR. 


I  '-(> 


la  prim-  ipale  caractorist  iquc  des  av  ions  do  cnmh.it  «lo  !  a  nnuvel  I  «•  ci'm'i.il  wn  est  lent 
mail  I  ah  I  l  1  t  e ,  co  qui  ex  ige  du  motenr,  entre  autres  theses 

.  tin  rapport  poussdc/raasse  el  eve,  pour  ne  pas  penal  isei  ve  in  erne  lappoit  an  niveau  tie 
1  ' av  ion, 

.  line  .ernmle  tolerance  aux  conditions  tie  I  'one  t  i  ennemen  t  :  tl  i  stoi  s  mns  a  I  'entice  tin  motenr, 
lacteur  tie  charge,  etc..., 

.  ties  temps  tie  repo use  rap  ides  en  t  rails  i  to  ire,  ainsi  ipi'uiie  i  os  i  stance  c levee  aux  sullici- 
t  a t i on s  c  yc  1  i  ques . 

I'e  plus,  chaque  pays  possedant  une  indust  1  le  tie  nioteurs  d'avions  a  ses  prnpres  normes, 
ct  on  assiste  a  une  evolution  tie  ces  normes  qui  tradiiit  ce  qu  t  vienl  d'etre  in.iiqm'.  tin 
exentple  tvpique  est  colni  tie  la  nonne  US  Mil  MlOO  "  1). 

Al  in  tie  prendre  en  compte  an  mieux  cette  situation,  ct  dans  le  hut  d'aitlei  an  ,  hoi.t  tie, 
solutions  techniques  real  isant  les  ineilleurs  compromis,  il  a  etc  etahli  une  hieiarelus.it  ion 
ties  object  ifs  princ  ipaux  pour  le  motcui  M  XX.  Cette  hicrarchisat  ion  est  la  suivante 

.  la  pilotahilite  -  tee  i  signifie  tpie  le  pilote  n'a  pas  a  s'occtipei  tin  on  ties  moteurs  dans 
toute  sa  mission,  am  line  consignc  part  icul  li  re  tie  comliiitc  du  on  ties  not  eurs  ne  deiant  in  - 
cupel'  son  attention.  Cola  suppose  en  part  icul  iei  ties  marges  an  pompage  sul  1  isantes  pom 
chacun  tics  compresseurs . 

.  I. a  masse  -  on  plus  exactement  le  rapport  poussec/masse.  (Vest  nn  pa  rami' t  re  important  poui 
I 'avion,  et  le  on  les  moteurs  y  cent r i buent  pour  heaucoup. 

.  I.c  cofit  -  l.a  complexite  des  systenes  tl'armes  modernes  pose  ties  problcmcs  financiers  souvent 
graves,  encore  aggrnes  par  les  lain  d  '  i  I)  f  1  a  t  i  on .  I.es  cxcmplcs,  parfois  spec  t  acu  1  a  i  res ,  ne 
manquent  pas.  II  es,  done  important  de  protluire  mi  materiel  oil  les  preoccupations  tie  cofit 
auront  etc  largement  prises  en  compte  ties  la  conception. 

.  ha  maintenance  -  In  prevoyant  une  conception  adaptec  a  laciliter  la  maintenance  durant  la 
vie  opfrat  iontiel  1  c  tin  materiel,  c  'est  le  tout  global  d  '  u  t  i  1  i  sa  t  ion  qu'il  est  ainsi  tente 
do  reduire. 

.  I.es  performances  -  II  ne  s'agit  pas  la  ties  ca  rac  t  e  r  i  s  t  i  ques  principales  (poussee,  consom- 
mation  spccifiqtie)  pour  los  points  les  plus  importants  tin  domainc  tie  vol  qui  doivent  ctre 
impera  t  i  vcmen  t  respectcs,  ma  is  tics  performances  dans  les  tones  marginales,  ainsi  quo  d'au- 
tres  types  tie  performances  comme,  par  exemplc,  les  domaincs  de  reallumagc  en  sec  et  en 
rechauffe.  lout  ce  qui  est  lie  a  la  pilotahilite  (temps  d' acco 1  era t i on  par  exemplc. I  fait 
na  t  lire  1  1  emeu  t  partie  tlu  point  mimero  I. 

: , .  1  .  Incidence  ties  nouvellcs  normes  sur  le  dove  loppement  d'un  motcur  nouveau 

ha  princ ipa le  consequence  do  ces  normes  nouvellcs  est  do  preconiscr  des  construc- 
teurs  de  moteurs  d’avion,  ties  essais  se  rapprochant  davantage  dcs  conditions  dc  fonc- 
tionnemont  opera t  ionnel  1  es  dans  les  etis  les  plus  extremes.  Comme  par  exemplc  : 

.  essais  dc  demarrage  dc  -  S4’(  a  +  IS5°C, 

.  determination  dcs  limites  dc  tlistorsion  a  l'entrcc  (pour  5  configurations  motcur  -  vol 
d  i  f  f  I'rcn  tes  dans  la  S0<)0  7  III, 

.  essais  dc  10  hetires  avee  ingestion  de  sable, 

.  essais  d'ingestion  d'oiseaux  plus  sevcrcs  menu'  que  pour  les  moteurs  civils, 

.  mesures  dc  signatures  bruit,  radar,  infra-rouge,  etc... 

l.a  norme  constitue  en  fait  un  canevas  pour  dcs  specifications  techniques,  chaque 
point  tlevant  etre  pris  en  compte  avec  heaucoup  d’attention  car  il  est  clair  quo  les  com¬ 
promis  ne  s'en  trouvent  |ias  facilities. 

Seanmoins,  une  varictc  plus  grande  d 'essais  de  dove  1 oppemen t  an  niveau  du  motenr 
complct  ilcvient  ainsi  necessaire,  ce  qui  impl  ique  quo,  pour  ne  pas  augmenter  exagerement 
le  volume  des  essais  moteurs,  il  est  necessaire  que  cclui-ci  soit  tleja  nur  au  niveau  ties 
composants  avant  leur  integration. 

S.2.  hssais  d'clemcnts  integres 

he  programme  tic  dove  1 oppemen t  d'un  motenr  nouveau  commence  par  des  essais  tie  compo¬ 
sants  nu  banc  partiel  bien  entendu.  Ainsi,  est-cc  le  cas  pour  le  M  8S  de  la  SN1.CMA  pour 
qui,  par  exemplc,  la  memo  demarche  que  pour  le  M  S.A  sera  effectuee,  au  suiet  de  la  re¬ 
chauffe  aussi  bien  que  pour  les  antics  parties. 

Ma  i  s  l'evolution  dcs  conditions  de  lone  t  i  onnemen  t  ovoquco  plus  liaut,  ainsi  quo 
la  prise  en  compte  dcs  normes,  font  en  suite  que  les  essais  dc  composants  ne  stiff i  s  e  n  t 
plus,  et  qu'tin  static  i  nt  ermed  i  a  i  re  vient  se  glisscr  entre  les  essais  composants  et  les 
essais  moteurs  Jcvenus  plus  varies,  sous  la  forme  d'essais  d'clemcnts  integres.  I’renons 
deux  cxcmplcs  :  le  corps  III’  ct  le  comp  res  sour  HI'. 
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.  J  .  1  .  I  ssii  is  Je  corps  IN' 

Hn  parametre  tbermodynam  i  quo  important  pour  I'ohtention  J'un  rapport 
poussee/masse  Clove  du  mo  tour  est  la  temperature  entree  turbine.  P'autrc  part, 

I 'impel  tame  Jos  transitoircs  accroit  la  difficulty  pour  Ics  solicitations  ther- 
nnques  qui  on  decoulent  Jans  les  parties  ehaudes  Ju  moteur.  M  est  Jevenu  necessaire 
Je  tester  cos  parties  ehaudes  Jans  les  conJitions  les  plus  prochcs  possible  Ju  fonc- 
tionnomont  moteur,  aussi  bicn  on  transitoirc  qu'en  stabilise,  cn  rcspectant  ; 

.  ics  conJitions  aerothcrmoJynam iques  cxactes,  ce  quo  permettent  rarement  les  bancs 
J'essais  part iels  (niveaux  Je  pression  par  excmplc), 

.  les  conilitions  limites.  Jin  particulicr,  il  est  important  quo  la  turbine  fonctionne 
avec  lies  repartitions  Je  temperatures  realistes. 

I  ' est  pom  quo  i  le  corps  III’  comp  let  est  essayc*  isolcment  avec  la  possibility 
vie  restituer  Jans  un  banc  a  tmospher  i  se ,  les  niveaux  Jc  pression  et  temperature  cor- 
responJant  aux  conJitions  sortie  BP.  (.'est  ce  qu  i  est  cn  cours  pour  le  futur  moteur 
M  88.  I  l  sera  possible  ainsi  J'acqucrir  line  certaine  endurance  sur  cette  partie  cs- 
sentielle  Ju  moteur  avant  que  le  moteur  complct  ait  fonctionne. 

In  amont  memo,  Jans  lc  cadre  Je  programmes  Je  rccherchcs,  Jc  scmblablcs  mon¬ 
tages  sent  effectucs  pour  valider  Jes  technologies  des  parties  ehaudes,  auhes  Jc  tur¬ 
bine  cn  particulicr,  qu i  sent  destinies  a  etre  util  isles  Jans  un  programme  moteur. 
(Vest  le  cas  Ju  montage  "Pcxtrc"  (figure  4)  a  la  SNIiCMA,  qui  est  cn  fait  un  corps 
111’  Jont  sen  les  la  chambrc  Je  combustion  et  la  turbine  sont  representatives  J'une 
technologic  Jc  moteur  avance,  le  compresseur  IIP  ctant  un  composant  Je  servitude. 


^  , .  DEXTRE 


Un  tel  montage  permet  le  f one t  ionnement  J'un  ensemble  chambrc  Jc  combustion- 
turbine  IIP  Jans  Jes  conditions  r  igou reu semen t  iJcntiqucs  a  cellos  J’un  moteur  evo- 
luc,  aux  points  Je  vuc  niveaux  Jc  pression  et  temperature,  ct  repartitions  Je  tem¬ 
perature,  permet fant  aussi  J'effoctucr  Jes  f one t i onnemen t s  transitoircs,  done  Jes 
cycles  J’enJurancc.  be  montage  Dcxtre  va  bientot  aborder  line  campagne  J'essais  avec 
cycles,  assurant  ainsi  line  etape  importantc  dans  lc  travail  Jc  Jevcl oppement  J'une 
turbine  a  hautes  performances. 

') .  J  . .  be  tump  res  sour  BP 

He  menu-  qu '  i  n  i  t  i  a  1  enient  ,  le  compresseur  BP  etait  essayl  isolcment  an  banc 
part  id,  Jos  tentatives  Je  simulation  lies  conJitions  Jc  fonct  ionnement  opcrationncl 
sont  Je  plus  hi  plus  pousseos.  Sous  la  forme  J'aborJ  Jr  Jistorsions  s t a t i onna i res , 
restitutes  par  Jes  Jispositifs  grilles,  ce  qui  n’est  pas  nouveau,  bes  cartes  Je  pres- 
s  ions  a  realise:  sont  Jltcrminlos  a  partir  Jes  resultats  J'essais  J’cntree  J'air 
avion  on  sou  1  t  l  c  r  i  c* ,  confirmees  quanJ  c’cst  possible  par  Jes  mesures  effcctuecs  sur 
les  monies  entrees  J'air  cn  vol.  be  probleme  Jes  Jistorsions  i  ns  t  a  t  i  onna  i  res  est  plus 
complexc,  pane  qu'il  pose  J'aborJ  line  difficulty  Je  mesures  on  soufflcrie  ct  encore 
plus  hi  vol,  ct  J’autre  part  parce  quo  memo  connaissant  1'obiectif  a  simuler,  sa 
realisation  est  plus  delicate  que  pour  Ju  sta t  ionna i re .  An  depart,  en  nc  connaissant 
ni  les  object  its  a  simuler,  ni  les  Jispositifs  permet t ant  la  restitution  Jes  compo- 
sants  i ns t a t  ionna l r es ,  on  se  bornait  a  rcnforccr  les  Jistorsions  s t a t  ionna  i  res . 


II  est  envisage,  par  excmplc,  des  entices  d '  ;i  i  r  sur  banc  compi  cssciir , 
tail  lees  cn  si  H  let  (figure  S)  qu  i  tfenerent  des  tom  billons  dans  1  ’  a  1  iment  at  ion  do 
compi  esseur  ,  simulant  ainsi  dcs  distorsions  i  nst  a  t  ionna  i  res .  la  repi  esont  a  t  i  v  i  ti¬ 
de  ces  distorsions,  commc  il  l'a  etc  soul  igne  plus  haut  ,  rcste  bien  sur  a  verifier 
et  il  rcste  beaucoup  de  travail  3  fa  ire  dans  cette  voie. 


SCHEMA  DE  DISPOSITIF  DE  SIMULATION 
_ AU  "\NC  COMPRESSEUR 


E*T«ES  D  »*  E*  SIFFIET  COMPKFSSIUII  ED  ISS1I 


Une  experimentation  de  telles  entrees  d'air  a  d£jh  £te  faite  en  soufflerie, 
et  a  donnf  des  rEsul tats  encourageants.  D'autre  part,  une  experience  devant  un  com- 
presseur  a  1 ' dchel le  1  a  6te  realisee  recemment. 


.  3 .  bxemples  d'essais  nouveaux  sur  moteurs  complets 

5.3.1.  Essais  de  simulation  de  fonc t ionnement  operationnel 

Il  est  apparu  que  les  essais  classiques  d'endurance  tels  qu'effectues  sur 
Atar  9K50  et  sur  M  53  ne  suffisaient  pas  toujours  9  reprEsenter  le  comportement  du 
moteur  durant  sa  vie  operat  ionnel le.  De  plus,  les  exigences  nouvelles  evoquees  plus 
haut  ne  peuvent  que  contribuer  3  renforcer  cet  ecart.  D’oO  la  recherche  de  formes 
d'endurances  se  rapprochant  davantage  des  conditions  reelles  d ' u t  i  1 i sa t ion ,  celles- 
ci  etant  d'ahord  ctroitement  liees  au  type  et  3  la  mission  de  l'avion. 

Un  travail  important  a  etc  realise  aux  USA  a  cet  6gard.  On  peut  signaler 
par  exempli',  les  travaux  de  Ogg  et  Taylor  (accelerated  Mission  Testing  oi  Gas 
turbine  engine).  De  meme  les  travaux  de  G.E.  ’-Engine  life  usage  experience  of  YE  17- 
YJ  101  flight  and  ground  testing"  par  T.iOtIA ,  ont  conduit  a  definir  u.i  cycle  pour 
essai  d'endurance  aicel€r£e  dans  les  conditions  sol  par  simulation  de  la  mission  de 
l'avion  YF  17.  La  norme  .'111.  meme,  prcconise  un  type  de  cycle  pour  essai  MQT.  11  est 
evident  qu'une  telle  procedure  sera  dfsorroais  suivie  pour  un  moteur  nouveau. 

5.3.2.  Mesures  de  signature  infrarouge 

Co  type  d'essai  fait  partie  de  la  norme  Mil..  Des  mesures  de  signature  IR 
ont  etc  effectufes  sur  avions  en  vol  et  au  sol,  mais  rarement,  si  meme  jamais,  sur 
moteur  isolf  au  bum  sol.  C'est  pourquoi  ,  disposant  d'une  installation  de  banc 
d'essais  3  1'air  libre,  cello- ci  a  etf  utilisee  pour  de  telles  mesures  sur  M.S3. 


i ' ') 

I  '  i  ns  t  a  1  1  a  t  i  on  cst  represent ee  M  i^urc  I  ,  et  per  mot  J'eHectuer  lies  me- 
suios  par  spect romet res t  plus  precises  quo  pa  r  raJiometres.  Outre*  une  laiacteri- 
safion  plus  fine  tin  spectre  JK  Ju  moteur,  coci  prrroet  J  '  i  dent  i  f  j  oi  plus  precjsrmeiit 
I  os  sources,  Jo  los  quant  it  ier ,  ot  J'en  tiror  tics  donnfes  ut  i  I  i  sal'les  pom  la  con¬ 
ception  Jes  motcurs  futurs. 

>  "6  BANC  DESS  A  IS  MOTEUR  AU  SOL 

pouR  MESURES  DE  RAYONNEMENTS  INFRA- ROUGES 


f. .  I'i'M'I.llS  IONS 

ft'  I're!  expose  a  permis  Jo  montrer  1  ’evolut  ion  <iu  i  a  on  lion  on  genera  1  ,  ot  a  la  SM  t'MA 
on  pa  it  i  on  1  i  c  r ,  dans  la  condnite  du  Jove  1 oppemont  do  motours  pour  avions  do  combat,  an  tours 
dos  dernicres  amices.  I.o  moteur  M  88  dost  inc  a  la  propulsion  Jo  la  go  no  rat  ion  Jos  avions  Jo 
combat  Jo  la  dcconnic  !*<’  cone  rc  t  i  sora  ploinomont  cotto  evolution,  qui  s'est  doja  traduitc 
par  la  miso  cn  place  J'ossais  Jo  composants  intogres,  an  nivoau  Jos  parties  chauJos  on  par- 
ticulior  Iprogrammo  Doxtrol. 

A  ins  i  ,  les  cssais  Jo  motours  eomplots  soront-ils  plus  spec i a  I ement  or  iont os  vers  los  Si¬ 
mula  t  ions  Jo  font t i onnemont  oporat ionnel  .  Not  ro  obioetil  final  ost  d’ about  ir  ainsi  a  un  pro- 
pulsoui  qu  i  ropondra  part icu I ierement  hi  on  mix  exigences  Jos  nouvoaux  avions  militairos,  quo 
co  suit  sur  lo  plan  Jos  performances  oporat ionne I los  ou  sur  colui  Jos  cents. 
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SUMMARY 


The  history  of  the  qas  turbine  Auxiliary  Power  Unit  (APU)  is  reviewed  to  indicate  the 
wide  variety  of  design  and  usage  requirements  that  have  evolved.  Particular  emphasis  is 
given  to  the  requirement  for  unattended  automatic  operation  responsive  to  multiple,  var¬ 
iable  power  demands.  Early  units  were  of  simple  design.  Increased  utilization,  partic¬ 
ularly  on  hoard  civil  and  military  aircraft,  led  to  need  for  higher  performance  and  reli¬ 
ability,  resulting  in  more  sophisticated  gas  turbine  designs  and  control  systems. 

In  the  initial  applications  with  military  aircraft,  an  APU  start  was  followed  by  a 
limited  period  of  APU  operation.  This  resulted  in  a  high  s t a r t s- to-hou r s  ratio  of  10:1. 

The  current  ratio  has  decreased  to  2:1  for  civil  appl icat ions. 

Development  and  proof  testing  programs  for  civil  and  military  requirements  are  for¬ 
mulated  as  a  function  of  specific  user  needs  and  the  similarity  of  the  API’  and  its  compo¬ 
nents  to  proven  designs. 

Each  installation  of  the  APU  on-board  aircraft  requires  tailored  designs  for  such 
locations  as  enqine  nacelles,  wheel  wells,  and  tailcone  sections.  Compatibility  and  per¬ 
formance  tests  are  conducted  to  confirm  analysis  and  to  develop  the  installed  system. 

Proof  testing  at  ground  level  is  recommended  to  substantiate  reliability,  followed  by  the 
final  flight  t°st  phase. 

INTRODUCTION 

The  Auxiliary  Power  Unit  (APU)  is  a  gas  turbine  engine  that  has  a  variety  of  uses, 
both  on-board  and  as  ancillary  equipment  to  support  jet  aircraft.  APUs  have  been  derived 
from  propulsion  engines,  and  propulsion  engines  have  been  designed  using  APU  components 
as  baselines.  APU  testine  requirements  depend  upon  the  particular  application  and  upon 
the  expected  life  cycle.  The  primary  design  and  operational  criteria  most  s i gn i f i can t 1 y 
different  from  propulsion  engine  counterparts  are; 

(1)  Operation  is  fully  automatic  and  unattended  and  is  responsive  to  a  varyinq 
load  demand. 

(2)  Power  delivered  is  in  the  form  of  compressed  air,  electrical,  hydraulic,  and 'or 
shaft  power . 

Loads  can  he  multiple  and  simultaneous,  with  priority  given  to  one  type. 

BACKGROUND  1 

Durinq  the  late  forties  and  early  fifties,  the  increasinq  sizes  of  military  turbine 
propulsion  engines  resulted  in  the  development  of  the  pneumatic  starting  system  as  a 
replacement  for  electric  starting.  Initial  APU  designs  were  simple  i nteg r a  1 -hi eed 
radial-flow  turbomachines  of  about  1:1  pressure  ratio  and  were  used  for  aircraft  cold 
weather  heating  and  turbine  engine  starting.  The  first  on-board  APUs  wore  in  Navy  flying 
boats  and  provided  electrical  power  only.  The  first  on-board  pneumatic  units  were 
installed  in  the  (*-130.  APUs  installed  in  qround  carts  provided  starting  air  for  the  Air 
Force  Century  Series  fighters.  Navy  fighters,  bombers,  and  patrol  aircraft.  Some  of  these 
units  are  shown  in  Figures  1  through  6.  It  became  evident  durinq  this  period  that  utili¬ 
zation  consisted  of  a  large  number  of  predominantly  start. /stop  cycles  with  relatively 
short  loading  periods.  Time  between  overhaul  was  relatively  short  and  was  expressed  in 
hours  and/or  starts,  whichever  occurred  first. 

The  advent  of  t u r b i ne -powe r ed  commercial  airliners  expanded  the  use  of  ground  pneu¬ 
matic  starting  units  and  created  the  need  for  the  APUs  with  both  bleed  air  and  electric 
power  capability.  During  the  early  sixties,  the  first  on-board  commercial  airline  APU 
installation  was  introduced.  An  FAA  Technical  Standard  Order  TSO-C77  was  created  for  u.S. 
civil  APU  applications.  It  soon  became  evident  that  the  APU  usage  in  commercial  applica¬ 
tions  had  been  significantly  underestimated.  The  star ts- to-hour s  ratio  decreased,  and  \ 

operating  time  advanced  to  about  3000  to  3500  hours  per  year. 


The  first  wide-body  aircraft,  the  Boo i nq  747,  required  the  desiqn  of  the  largest  APU , 
the  Garrett  GTCP660.  This  i  r,  a  2  4-pound-per -second  axial  machine.  A  cross-section  is 
shown  in  Figure  7.  It  is  an  i nt eg r al -bl eed  engine  /ith  relatively  low  thermodynamic  effi¬ 
ciency  due  to  a  pressure  ratio  of  approximately  4:1  set  by  the  aircraft  bleed-system 
r  equ i r  ement  s  . 

The  anticipated  operational  time  of  commercial  APHs  resulted  in  more  consideration 
being  given  to  higher  efficiency  for  the  next  commercial  applications,  such  as  the  McAir 
DC- 10  and  the  Airbus  A 100  aircraft.  These  aircraft  utilize  the  Garrett  TSCP700  ,  a  sophis¬ 
ticated  APU  of  unique  two-spool  desiqn,  shown  in  Figure  8.  The  engine  develops  8:1  pres¬ 
sure  ratio.  The  high-pressure  spool  drives  the  accessories  and  the  400-Hz  electrical 
power  generator  and  is  controlled  at  constant  speed  with  varying  electric  and  pneumatic 
load  demands.  Variable  turbine  inlet  guide  vanes  automatically  control  the  low-pressure 
turbine  and  compressor  speed  in  response  to  bleed  air  demand  from  either  t he  air  condi - 
tioninq  or  main  engine  start  system.  The  4:1  pressure  air  for  the  aircraft,  pneumatic 
system  is  bled  aft  of  the  low-spool  compressor. 

A  soph i st i rated  approach  to  the  cost -of -owner sh i p  determination  for  on-board  APHs  in 
the  advanced  Boeing  and  Airbus  airliners  has  evolved  from  recent,  airline  experience  with 
APHs  .  Gone,  i  der  a  t  i  on  for  much  higher  fuel  efficiency,  longer  life,  higher  dispatch  reli¬ 
ability,  minimum  weight,  and  resulting  life-cycle  costs  have  led  to  the  creation  of  a 
higher  performance  gas  turbine  design  with  advanced  control  and  health  monitoring  sys¬ 
tems.  The  APU  selected  to  meet,  these  criteria  is  structured  from  the  power  section  of  an 
existing  production  840-hp  turboprop  engine  of  11:1  pressure  ratio,  with  minor  modifica¬ 
tions  to  provide  higher  cyclic  life,  and  derated  in  speed  and  temperature.  This  basic 
power  section,  which  has  h i qh- t he r mody nam i c  performance,  drives  a  load  compressor  that 
provides  pneumatic  power  at  the  desired  4:1  pressure  ratio  and  an  accessory  gearbox  with  a 
reduction  output  pad  for  mounting  an  electrical  generator.  A  cross-section  of  this 
engine,  the  Garrett  GTGPHl,  is  shown  in  Figure  9.  A  full- authority  digital  controller 
provides  automatic  unattended  operation  with  electric  power  priority.  Fault  isolation 
monitoring  and  Built-in  Test  Equipment  (BITF.)  are  provided.  The  unit,  starts  at  up  to 
2  S  ,  0  0  0  font  '7620m)  and  operates  to  40,000  feet  (12192m).  The  digital  controller  oper¬ 
ate'-,  with  the  aircraft  air  conditioning  system  t.o  minimize  air  and  fuel  usaqe.  Air  for 
miin  engine  starting  and  for  driving  an  air  turbine  motor  hydraulic  pump  also  is  provided. 

Select  'omm  iter  and  business  propeller  and  fan  jet  aircraft  also  have  chosen  on¬ 
board  APHs.  Kach  installation  is  tailored  to  fit.  the  needs  of  the  aircraft. 

Recent  on-board  military  usage  of  APHs  in  the  mid  and  late  seventies  include  the  new 
lightweight  fighters,  attack  aircraft,  and  helicopters.  This  has  called  for  new  classes 
ot  advanced  technology  APHs  in  the  smaller  sizes,  up  to  260  hp.  The  need  for  higher  ther¬ 
modynamic  performance  presents  special  design  technology  requirements  in  this  small  size 
’1  ass  (1  pounds 'second)  in  order  to  meet  the  weight,  performance,  and  reliability  needs. 
AP**s  on  board  the  F  -  ’  r>  and  the  A- 10  aircraft  are  shown  on  Figures  10  and  11.  The  latest 
♦‘he so  lightweight,  high-performance  units  is  the  Garrett  GTC  36-200  APU  designed  for 
the  F-  18  fighter  shown  on  Figure  12.  The  concept  employed  in  this  unit  is  similar  to  that 
described  above--a  power  section  driving  a  load  compressor  at  shaft  speed,  with  both  the 
engine  and  the  load  compressor  sharing  a  common  air  inlet.  Variable  inlet  guide  vanes 
automatically  control  the  load  compressor  air  delivery  in  response  to  a  demand  signal. 

New  requirements  for  aircraft  ground  support  APUs  are  being  met  by  units  such  as  the 
Advanced  Ground  Power  Unit  (AGPU)  shown  on  Figure  13,  currently  undergoing  field  opera¬ 
tional  testing  for  both  military  and  civil  usage.  This  unit  has  an  APU  installed  in  a 
self  contained  enclosure.  The  unit  delivers  compressed  air  for  main  engine  starting,  400- 
Hz  electrical  power,  dc  electrical  power,  and  3000-psi  hydraulic  pressure  for  servicing. 
Batteries  provide  APU  starting,  and  fuel  for  two-hours  operation  is  included.  Bleed-air 
hose  and  electrical  cabling  are  stored  within.  Acoustic  treatment  is  included  in  the 
exhaust  and  inlet,  and  inlet  air  filtering  is  also  featured.  A  motor  wheel  drive  provides 
power  for  aircraft  ramp  towing.  The  basic  APU  used  in  the  AGPU  enclosure  is  also  ULilized 
aboard  business  jets  and  military  attack  aircraft  and  helicopters. 

Increased  fuel  costs  have  revived  the  need  to  consider  the  recovery  of  heat  from  the 
exhaust  of  APUs  utilized  in  ground  operations.  APU  heat  recovery  developments  have  been 
executed  at  various  times  since  the  mid-fifties.  The  small-sized  APU  with  its  low- 
pressure  compressor  is  particularly  suited  to  stationary  or  rotary  recovery  of  exhaust 
heat.  Figure  14  shows  a  recuperated  30-kw  generator  set  with  a  stationary  exhaust  heat 
exchanger  (recuperator)  which  has  demonstrated  40-percent  fuel  savings  at  full  load. 

ENGINE  TESTING 

During  the  introductory  period  of  ground  and  airborne  gas  turbine  APUs,  simplified 
design  and  qualification  criteria  were  used.  Although  environmental  design  and  testing 
requirements  borrower}  from  propulsion  engines  wert  directly  applicable,  the  early  reli¬ 
ability  development  and  qua  1 i f i cat i on  tests  proved  inadequate  for  the  t he rma 1 -shock 
cyclic  operation  that-  was  to  prevail.  Indeed,  one  of  the  first  200-hour  qualification 
endurance  »- or>  ts  was  conducted  with  only  one  start  aid  shutdown.  Desiqn  life  limits 
■  -en f  e  r  ed  around  the  turbine  with  the  general  requirement  of  1000-hours  life  at  rated  tem¬ 
perature  with  material'  data  judged  inadequate  by  toJa/’s  standards. 

In  the  early  fifties,  field  experience  with  pneumatic  starting  of  turbojet  engines 
resulted  in  a  start  stop  development  cycle  at  AiResearch,  depicted  in  Fiqure  IS.  Forced 
cooling  with  the  engine  non-operating  and  with  up  to  two-hour  shutdowns  were  used  to 


accelerate  the  thermal  cycling.  This  cyclic  loading  pattern  was  eventually  adopted  as  the 
reliability  demonstration  start/stop  cycle  of  the  military  testing  specification, 
MIL-P-8686.  First  use  of  this  test  cycle  produced  major  failures  within  a  few  hundred 
starts.  Design  iterations  with  emphasis  placed  upon  thermal  transient  analysis  evolved 
to  solve  the  thermal-shock  problem.  As  a  result,  in  1951,  a  10,000-start/stop  qualifi¬ 
cation  test  (20,000  load  applications)  was  successfully  completed  on  the  Air  Force  MA1A 
start  cart. 

This  design  and  testing  expertise  was  applied  subsequently  to  the  continuous  line  of 
APUs  designed  to  meet  specific  operational  requirements  of  both  start  cycles  and  hours  of 
operat ion . 

User  specifications  require  variations  of  cycle/time  reliability  qualification  test¬ 
ing.  Examples  of  the  requirements  for  production  APUs  for  on-board  military  aircraft  that 
have  recently  been  qualified  are  shown  below  and  on  Tables  I,  II  and  III. 


Garrett  APU  Model 


Aircraft 


Reliability  Qualification 


JFS-190 

GTCP36-50 

GTCP16-200 


F-15 

2000 

starts; 

150 

hou  r  s 

A-  1  0 

1250 

starts; 

1250 

hours 

F-18 

8400 

starts; 

1000 

hours 

F- 1 5  qual i f i cat  ion  was  unique  because  the  APU  system  is  an  integral  part  of  the  pro¬ 
pulsion  system.  The  F- 1 5  APU  system  includes  the  Jet  Fuel  Starter  (JFS),  the  gearboxes 
and  drives  for  hydraulic  pumps  and  alternators.  The  testing  of  the  F-15  system  did  not 
follow  the  usual  qualification  requirement  for  other  APUs.  Many  aircraft  and  propulsion 
system  requirements  had  to  be  met  because  of  the  essentiality  of  its  operation.  These 
system  requirements  are  presented  in  Table  t. 

Service  operation  of  the  A-10  has  revealed  a  higher  APU  starts-to-hours  ratio  than 
shown  above.  Recent  qualification  testinq  of  a  modified  fuel  control  system  required 
6000  starts  and  1250  hours  to  the  schedule  shown  on  Table  TV. 

These  tests  are  electronically  programmed  to  operate  the  complete  repetitive  time 
and  condition  cycle  automatically  and  unattended  around  the  clock.  Fault  monitoring  and 
shutdown  are  included.  Manual  shutdowns  periods  are  executed  to  conduct  prescribed 
timely  thermodynamic  performance  calibrations  or  scheduled  maintenance  per  operational 
and  maintenance  handbooks. 

Civil  certification  requirements  of  the  APUs  are  satisfied  by  conformation  to 
Technical  Standard  Order-C77  (TSO-C77)  and  the  Joint  Airworthiness  Requirements  (JARS) 
and  are  applicable  worldwide.  Special  conditions  are  sometimes  added  by  customers. 
Table  V  shows  these  requirements,  for  both  essential  and  non-essential  applications. 
Figure  16  shows  how  requirements  are  combined  to  satisfy  simultaneous  mi  1 i tary/ci vi 1 
applications  of  an  APU. 

Special  attention  is  directed  toward  rotor  integrity  testing.  This  testing  is  con¬ 
ducted  in  the  operating  engine  at  maximum  temperatures  and  at  105  percent  of  overspeed 
pro'ective  shutdown  speeds  which  range  between  107  and  110  percent  of  rated  speed. 

Strain  measurements  are  performed  upon  the  critical  compressor  and  turbine  rotors, 
locations  of  these  gauges  are  determined  by  component  tests  coupled  with  analysis. 


Containment  testing  of  blades  and  rims  of  hign-speed  rotating  components  is  common 
to  most  turbomachinery;  however,  hub  containment  testinq  is  unique  to  APUs.  This  type  test 
has  been  developed  over  a  period  of  many  years,  requiring  extensive  expertise  in  providing 
maximum  containment  capability  at  minimum  weight  penalty. 


To  determine  that  the  objectives  of  the  hub  containment  test  are  met,  the  test  is  run 
at  maximum  allowable  speed,  temperature,  and  stabilized  conditions  to  assure  that  all 
parameters  are  met  or  exceeded  under  the  most  adverse  conditions  that  would  be  met  in 
service.  Determination  of  the  fusing  method  is  made  by  analytical  methods  followed  by 
empirical  whirlpit  tests  to  fine-tune  the  speed  and  temperature  at  which  component  will 
separate.  Final  tests  are  run  in  a  fully  operating  engine. 


API'  development  test  programs  are  tailored  to  fit  the  needs  of  the  application  and 
the  final  proof  testinq  requirements.  The  program  hardware  content  and  quantity  of  test¬ 
ing  are  a  function  of  several  variables.  The  baseline  consideration  is  the  degree  to 
which  an  extension  of  the  state  of  art  is  applied  to  given  components  for  system,  thermo- 
dynamt  ,  or  reliability  performance.  Minimum  risk  is  achieved  with  existing  or  modestly 
scaled  components.  Many  different  APU  models  have  been  developed  and  produced  by  Garrett 
since  1948  as  shown  on  Table  vt  .  After  unique  initial  design  and  manufacturing  knowledge 
was  acquired  and  proven  for  this  small-size  high-speed  turbomachinery,  accelerated 
development  became  possible.  Utilizing  a  mix  of  existing  and/or  modest  upgrades  of  tur¬ 
bine,  compressor,  and  accessory  designs  from  an  ever-increasing  pool  resulted  in  low- 
risk,  relatively  short  test  programs  which  required  modest  hardware  investments.  In  most 
of  rhese  instances,  four  to  six  equivalent,  program  engines  would  fill  the  need.  Two 
thousand  to  1000  hours  of  engine  system  development  with  the  associated  ratio  of  about  6:1 
start  cycles-to-operat i ng  hour  were  completed  prior  to  proof  testing. 


Developments  which  require  new  or  major  departure  from  existing  components  require 
more  extensive  program  content.  Tn  these  cases,  thermodynamic  and  mechanical  rig  compo¬ 
nent  tests  are  required  to  a  degree  commensurate  with  the  departure  from  existing  tested 
hardware.  Engine  development  in  this  case  can  require-  up  to  10  or  more  program  engines 
and  up  to  10,000  hours  of  testing.  The  initial  step  is  mechanical  checkout  and  operating 
capability.  As  soon  as  the  control  system  is  operational  and  performance  is  close  to  or 
meeting  requirements,  initial  full  envelope  testing  must  be  explored.  This  has  been 
achieved  on  most  engines  within  four  months  of  initial  run/build.  The  unique  requirements 
for  static  altitude  starting  and  operating  up  to  40,000  feet  after  cold  soaking  and  -65°F 
at  sea  level  poses  a  severe  range  of  problems  for  fuel  insertion,  combustion,  controller 
and  start,  system  needs.  Those  component  designs  must  be  established  as  soon  as  possible 
to  maximize  usefulness  of  all  other  program  testing.  The  envelope  limits  set.  the  acceler- 
if ion  fuel  schedules  which  are  major  life  determinants  for  the  turbine  section.  Obvi¬ 
ously,  changes  that  are  applied  during  the  development  program  that  affect  starting  or 
thermodynamic  performance  require  repeated  altitude  environmental  checkout.  As  few  as 
two  and  as  many  as  1(1  altitude  environmental  tests  are  required  including  final  proof 
testing.  Garrett  has  several  high-altitude,  environmental  chambers  which  are  used  exten¬ 
sively  for  these  purposes. 

Continually  increasing  demands  have  been  placed  upon  improving  the  thermodynamic 
performance,  life,  and  life  cycle  cost  of  the  APtJ,  along  with  the  expectations  of  all 
users  regarding  minimum  attention  be  paid  to  the  APU  during  its  operational  life.  These 
needs  require  special  control  system  developments,  especially  when  coupled  with  the 
requirement  for  unatt-i.  *ed  operation  in  the  mode  of  responding  or  reacting  to  unscheduled 
load  demands  of  different  types. 

Control  systems  have  evolved  from  simple  hydromechan i ca 1  governing  with  acceleration 
fuel  scheduling  via  pneumatic  temperatures  limiting,  through  various  degrees  of  electro¬ 
mechanical  controls  to  the  latest  design--*  full  authority,  digital  electronic  engino 
cent rol 1 er . 

The  two  most  recent  APU  developments  at  Garrett,  utilize  gas  turbines  driving  load 
compressors  that  require  advanced  control  systems  to  extract  maximum  performance  with 
minimum  fuel  consumption.  One  of  these,  the  Garrett  GTC36-2O0  for  the  F- 1 8 ,  employs  a 
load  compressor  whose  bleed  air  output  is  modulated  by  an  actuator  that  controls  inlet 
guide  vane  positions.  Compressor  surge  protect ior  is  provided  by  a  modulating  surge  bleed 
air  valve  controlled  by  an  airflow  sensor.  The  other  is  the  Garrett  GTCP3 3 1 -200/-250 
being  developed  for  the  advanced  airliners  under  development  by  Airbus  Industrie  and 
Boeing.  This  APTJ  is  also  a  load  compressor  type  utilizing  a  full  authority  digital  elec¬ 
tronic  controller.  Closed  loop  feedback  systems  are  employed  in  engine  acceleration  and 
compressor  load  control,  which  can  be  adjusted  by  electrical  signal  levels  from  the  air¬ 
craft  airconditioning  system.  An  electronically  controlled  surge  protection  bleed  valve 
is  also  used. 

These  two  programs,  for  example,  require  major  consideration  for  the  development  of 
the  controls  for  engine/aircraft  system  operation.  Several  engines  must  be  available  for 
development  of  the  various  components  in  system  operation  and  the  selection  of  the  loca¬ 
tions  of  the  required  sensors.  The  system  must  be  responsive  to  sudden  load  demand 
changes,  both  electrical  and  pneumatic  with  priority  given  to  the  electrical  require¬ 
ments.  Consequently,  considerable  iteration  of  transient  response  characteristics  must 
be  developed  within  the  full  operating  envelooe  (altitude  and  temperature).  Concur¬ 
rently,  starting  and  acceleration  schedules  must  be  fine-tuned.  .Since  the  APU  must  oper¬ 
ate  unattended,  failure  mode  analyses  result  in  several  protective  shutdown  features, 
some  of  which  are  intentionally  by-passed  under  the  emergency  in-flight  operating  mode. 
In  addition,  a  fault  monitoring  and  panel  indicator  is  provided  as  shown  in  Figure  17. 
This  particular  APU  development  program  utilizes  about  1  r»  engines  and  will  complete 
approximately  8500  hours  and  20,000  starts. 

Two  production  engines  will  be  placed  on  extended  reliability  testinq  with  a  lead 
schedule  to  simulate  the  intended  -airline  life  cycle. 

One  important  characteristic  of  the  commercial  airline  operation  that  is  impractical 
to  simulate  in  the  test  cell  on  a  long  term  basis  is  the  normal  condition  wherein  the  APU 
operates  on  the  ramp  for  main  engine  starting  and  a i r cond i t i on i ng  and  is  then  shut  down  at 
takeoff.  The  APTJ  is  inoperative  during  most  of  its  service  life  at  the  Might  altitude, 
soaking  at  the  extreme  cold  temperatures.  The  aircraft  descends,  Mnds.  and  the  APU  i; 
started  immediately  before  or  after  landing.  This  provides  for  an  extension  of  t.h° 
t her ma 1 -shock  envelope  which  must  be  accommodated  in  service. 

COMPONENT  TESTING 

Meehan  i  ca_l^ 

New  accessory  and  controls  components  are  kept  to  a  minimum.  Successful  designs  are 
modestly  scaled  when  necessary.  Judgments  are  made  whether  substantiation  by  similarity 
is  adequate  or  actual  bench  component  testing  is  needed.  When  tests  are  inquired,  the 
established  military  tests  are  used  as  baselines.  Where  practical,  new  components  from 
multiple  sources  are  subjected  to  continuous  unattended  cyclic  testing. 

The  fuel  controller  is  always  tested  for  performance  range.  When  a  new  design 
major  redesign  is  used,  it  is  subjected  to  full  or  major  portions  of  military  specifica- 
ti  on  tests. 
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Air-tn-ml  and  i  r  !*.oa  1  rigs  have  hnon  used  pxtnnni  vcly  h)  dovnlop  and  establish  per- 
formanro  throngs  the  operating  ranqon.  Fndu-ance  tosts  of  air-oil  seals  are  no  longer 
performed  on  r  i>is  but  .vrompl  i  s  hed  during  onq  i  no  testing. 

Bearing  design  expertise  has  advanced  to  the  point  where  ant i - f r i ct i on  or  journal 
rigs  are  not  generally  used.  Instead,  the  entire  rotor  system  development  is  utilized. 
An  example  is  shown  on  Picture  18.  Most.  Gar  rett  APUs  operate  above  the  second  shaft 
critical  speed.  In  one  case,  the  engine  operating  peed  is  above  the  third  critical. 
Past  rotor  systems  utilized  fixed  bearing  mounts  and  mechanically  spring  mounted  systems. 
Current  designs  exclusively  use  the  viscous  damped  squeeze  film  design.  The  rotor  rigs 
are  utilized  for  sizing  the  system  elements,  confirming  the  critical  speeds,  and  tailor¬ 
ing  the  oil  damping  needs. 

Structural  tests  are  conducted  on  new  designs  for  rigidity  and  pressure  vessel  capa¬ 
bilities.  Structural  and  system  vibration  tests  are  conducted  in  a  special  facility  with 
the  engine  non-operat ional .  A  shaker  table  is  vibrated  with  the  engine  mounted  per 
installation  requirements  through  the  specified  frequency  and  amplitudes. 

Rotor  integrity  is  verified  via  actual  temperature  and  strain  measurements  in  the 
operating  engine.  Bench  testing  of  rotors  includes  the  current  state  of  art  stress  vibra¬ 
tion  and  burst  requirements. 

The  smaller  APUs  provide  the  advantage  of  using  cast  rotors,  thereby  having  advan¬ 
tages  of  the  their  high-temperature  properties  for  turbine  wheel  use.  These  cast  wheels 
are  subjected  to  overspeed  and  burst  testing  in  spin  pits  to  confirm  design  and  material 
capabilities  in  the  actual  part.  In  addition,  new  designs  are  subjected  to  accelerated 
thermal  cycling  by  ''dunking"  the  wheel  into  a  fluidized  bed.  These  repeated  step  thermal 
loads  reveal  configuration  capability  to  absorb  h i qh-compr ess i on/tens i le  cycling  at  vari¬ 
ous  locations  of  the  wheel.  Although  it  is  not  a  quantitative  measure  per  se ,  experience 
provides  an  excellent  relative  measure  of  design  capability  and  survivability  in  engine 
cyclic  operation. 

Aer odynam ic 

Many  combinations  of  radial  and  axial  configurations  have  been  utilized  in  Garrett 
APMs.  These  configurations  have  consisted  of  radial  compressor ( s )  with  axial  turbine(s), 
axial  compressors  with  radial  turbine(s),  and  combinations  of  axial  and  radial  compressor 
with  combinations  of  axial  and  radial  turbines.  In  all  cases,  the  actual  engine  housings 
and  rotors  are  used  in  the  thermodynamic  testinq.  The  turbines  have  been  confined  to  cold 
testing,  which  has  proven  quite  satisfactory  and  is  conducted  only  when  there  are  signifi¬ 
cant  sizing  or  configuration  changes. 

Compressor  testing  is  conducted  on  rigs  with  separate  isolated  turbine  drivers. 
These  are  also  full  scale  utilizing  engine  hardware.  Particular  attention  is  paid  to  the 
inlet  configuration  and  its  effect  upon  performance.  For  performance  and  safety  reasons, 
the  air  must  be  ducted  to  the  inlet  of  the  compressor.  For  minimum  weight,  single  entry 
ducts  are  desirable;  therefore,  the  inlet  plenum  must  be  designed  carefully  to  avoid  pres¬ 
sure  distortion  and  unfavorable  swirl  at  the  compressor  entry.  Specification  distortion 
limits  are  provided  at.  the  plenum  entry  simulating  limited  air  supply.  The  large  bank  of 
compressor  and  turbine  design  data  available  allow  contingency  testing  only  in  some 
engine  programs. 

INSTALLATION  COMPATIBILITY  AND  FLIGHT  TESTING 

On  board  APUs  are  installed  in  various  aircraft  locations  such  as  tail-cone  section, 
wheel  wells,  and  engine  nacelles. 

In  order  to  ascertain  the  suitability  of  an  on-board  APU  installation,  it  is  neces¬ 
sary  f  ">r  the  a  rframe  manufacturer  to  conduct  a  series  of  tests.  These  fall  into  two 
general  categories;  compatibility  tests  (normally  conducted  with  a  compatibility  test 
fixture  r  i  f  with  the  aircraft  on  the  ground)  and  flight  tests. 

The  pur  pose  of  these  tests  is  to  determine  the  compatibility  of  the  APU  with  the 
iir'*r.'iff  i  nst-al  1  it  i  on  and  to  ascertain  that  the  installation  environment  is  in  accordance 
wifh  Gnrret-r  requirements  for  .satisfactory  operation  of  the  APU  and  associated  equipment. 
The  t  -  * r  ift  installation  consists  primarily  of  the  APU  enclosure,  generator  and  con- 
*■  r  *  1 1  s  ,  in!***  and  exhaust  ducting  systems,  actuators  and  doors,  fire  extinguishing  equip¬ 
ment,  uc'ir'Me  treatment,  accessory  cooling  system,  bleed-air  system,  fuel  supply  system, 
d-e  power  apply,  and  a  i  r  c  r  a  f  t  -  f  ur  n  i  shed  elements  of  the  APU  starting  system. 

The  »nu:;  are  intended  to  provide  advance  information  concerning  the  effect  of  air¬ 
craft  eq  ■  1 1  pmen  on  the  APU  operational  cha  r  ac  t.e  r  i  s  t  i  cs  and  to  reveal  at  the  earliest  prac¬ 
tical  tjme  whether  design  changes  are  required  to  achieve  a  satisfactory  i ns t a  1 1  a t i on . 
The  recommended  compatibility  tests  are  listed  on  Table  viT.  Complete  coordination  and 
1 i i i son  between  ► he  airframe  company  and  Garrett  are  required  in  preparation  of  the  test 
program  »nd  in  conducting  of  the  testing. 

Werommended  testing  defines  ground  test  requirements  for  a  complete  compatibility 
checkout .  Generally,  the  installation  designer  will  find  it  economically  advantageous 
and  more  e  xped ;  t  i  r  >u  s  to  make  use  of  a  compatibility  test  fixture  or  APU  compartment  mock- 
up  f'»r  this  ‘esting.  Gome  examples  are  shown  on  Figures  18  and  20. 


I 


\ 


Normally,  thin  tost  fixture"  will  ho  used  in  lieu  of  tho  actual  airplane  for  most  of 
the  compatibility  testing.  The  most  significant  advantage  of  conducting  the  compatibil¬ 
ity  tests  in  a  fixture  as  early  as  possible  is  to  reveal  deficiencies  in  sufficient  time 
to  permit  corrective  action  and  the  substantiation  thereof,  and  to  enable  the  necessary 
changes  to  be  made  in  production  aircraft.  This  test  fixture  offers  the  additional  multi¬ 
ple  advantages  of: 

o  Accomplishing  testing  prior  to  aircraft  availability 

o  Decreasing  amount  of  time  that  flight  test  aircraft  are  required  for  ground 
test  operations 

o  Providing  the  capability  of  more  complete  instrumentation  as  shown  on  Figure  21 

o  Facilitating  use  of  automatic  programming  for  cyclic  proof  testing. 

Usually,  the  aircraft  manufacturer  will  supply  the  compa t i b i 1 i t y  test  fixture  to 
Garrett  and  arrange  for  the  testing  to  be  accomplished  in  the  AiResearch  test  facility. 

The  compatibility  test  fixture  consists  of  the  actual  section  of  the  aircraft  or  a 
full-scale  replica,  encompassing  the  AP'J  compartment  and  all  aircraft  systems  interfacing 
with  the  APU .  It  should  be  constructed  of  identical  materials  and  type  of  structure  and 
should  include  the  engine  mounting  system,  driven  accessories,  identical  wiring  and  pip¬ 
ing,  inlet  and  exhaust  ducting,  fire  detection,  and  fire  extinguishing  components.  It 
should  also  include  fuel  system,  boost  pump,  starting  system  (electric  or  hydraulic), 
electrical  system  (ac  and  dc) ,  battery,  and  battery-charging  system. 

After  a  satisfactory  installation  has  been  proven  by  test,  an  accelerated  service 
cycle  test  is  recommended,  particularly  if  the  aircraft  is  to  be  used  in  scheduled  airline 
service.  This  extension  of  the  installation  compatibility  test  has  proven  worthwhile  in 
the  past  for  a  number  of  APU  installations,  by  revealing  design  or  equipment  deficiencies 
under  simulated  service  conditions.  Thus,  corrective  action  may  be  expedited  prior  to 
delivery  of  aircraft.  Compatabi 1  i  ty  testing  has  been  conducted  on  many  civil  and  military 
engines  as  shown  on  Table  VIII. 

Flight  tests  are  required  to  determine  if  starting  and  operation  of  the  APU,  as  it  is 
installed  in  the  aircraft  and  in  operating  and  non-operating  APU  environments,  are  satis¬ 
factory  and  in  accordance  with  the  APU  model  specification  throughout  the  required  oper¬ 
ating  envelope  of  the  aircraft.  The  recommended  tests  are  listed  on  Table  IX.  It  may 
also  be  desirable  to  combine  some  of  these  tests  with  aircraft  certification  testing,  par¬ 
ticularly  those  concerned  with  certification  of  the  APU  installation. 

Instrumentation  locations  used  for  flight  tests  should  duplicate  those  in  the  com¬ 
patibility  tests,  wherever  possible,  in  order  to  provide  a  comparison  between  static  and 
flight  condi t i ons . 

Flight  testing  in  many  cases  has  resulted  in  installation  or  aircraft  surface 
changes.  Inlet  and  exhaust  pressure  conditions  are  measured  under  varying  attitude  and 
flight  speed  conditions.  If  these  are  not  favorable  at  the  inlet  or  exhaust,  modifica¬ 
tions  are  necessary  to  provide  proper  skin  surface  pressure/flow  conditions  for  starting 
operating  or  non-operating  modes.  Figure  22  shows  some  typical  aircraft  modifications 
that  have  been  made. 

For  those  installations  where  starting  and  operation  of  the  APU  in  flight  is  not 
required,  flight  test  requirements  are  confined  to  determination  of  the  presence  of  wind- 
milling,  the  speed  and  direction  of  the  windmilling,  the  vibratory  environment  the  loads 
at  APU  mount  points,  and  whether  leakage  from  unrelated  aircraft  systems  can  cause  flam¬ 
mable  fluids  to  enter  the  APU  inlet  or  exhaust  systems. 

SYSTEM  CYCLE  TESTING 


After  the  aircraft  installation  compatabi 1 i ty  test  is  completed,  the  test  fixture 
may  be  used  for  a  system  cycle  test  which  is  recommended  to  uncover  APU  installation 
system  problems  before  the  production  aircraft  is  available. 


A  typical  1000-start  cycle  is  as  follows: 

(a)  The  air  inlet  and  exhaust  doors,  are  required,  are  operated  as  in  the  installa¬ 
tion. 

(b)  The  gas  turbine  is  started  and  accelerated  to  governed  speed. 


(c)  The  gas  turbine  is  loaded  in  accordance  with  the  following  schedule: 


No  load  for  1  minute 
Full  load  for  5  minutes 
No  load  for  1  minute 


To  simulate 
actual  shaft  and 
bleed  air  loads 
in  a i rcra f t 


Full  load  for  this  test  is  defined 
air  load  to  give  the  rated  turbine 


full  electrical  load  with  sufficient  bleed- 
temperature  . 
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(d)  The  gas  turbine  is  shut  down  for  5  minutes. 

All  doors  are  closed  as  in  the  installation.  An  appropriate  soaking  down 
time(s)  is  exercised. 

(e)  Steps  (a)  through  (e)  are  repeated  to  accumulate  a  total  of  1  000  cycles  and 
100  hours. 

Prior  to  and  upon  completion  of  the  1000-cycle  test,  the  installed  gas  turbine  is 
required  to  demonstrate  the  sea-level  performance  output  ratings  of  the  APU 
Specification,  adjusted  to  cover  the  installation  losses. 

CONCLUSIONS 

The  Auxiliary  Power  Unit  is  a  gas  turbine  engine  that  is  designed  for  a  wide  variety 
of  applications. 

Operational  criteria  most  significantly  different  from  oropulsion  engine  counter- 
par  t ,  are : 

(1)  Operation  is  fully  automatic  and  unattended  and  is  responsive  to  a  varying  load 
demand . 

(2)  Power  delivered  is  in  the  form  of  compressed  air,  elect  cal,  hydraulic,  and/or 
shaft  power. 

(3)  Loads  can  be  multiple  and  simultaneous,  with  priority  given  to  one  type. 

Baseline  military  and  civil  qualification  tests  exist  as  MIL-P-8686,  ADS-17,  FAA  TSO 
and  JAR's. 

Supplementary  qualification  tests  are  invariably  added  by  customers. 

Complete  test  requirements  are  formulated  unique  to  each  APU  and  are  based  upon  the 
qual i f icat ion  proof  requirements  plus: 

(1)  Design  maturity. 

(2)  Reliability  requirements. 

(3)  Intended  usage. 

(4)  Installation  conditions. 
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TABLE  I.  MILITARY  SPECIFICATION  APPLICABLE  TO  THE  JET  FUEL  STARTER  190 
USED  ON  THE  F -  I  r>  AIRCRAFT 


Military  Specification 

Number 

Title 

MIL-E-5007C-1 

11  October  1966 

Engines,  Aircraft,  Turbojet  and  Turhofan,  General 
Specification  for 

MII.-G-664  1  B 

3  May  1968 

Gearbox,  Aircraft  Accessory  Drive,  Cnnnral  Speci- 
f i cat i on  for 

MI L-C-45662A 

9  February  1962 

(Ml  i  brat  ion  System  Requirements 

MI L- STD- 2 1 0 A-  l 

30  November  1958 

Climatic  Extremes  for  Military  Equipment. 

MIL-STD-704A-1 

30  November  1968 

Electric  Power,  Aircraft,  Characteristics  and 
Utilization  of 

MIL- STD-78  IB- 1 

29  July  1969 

Reliable  Tests:  Exponential  Distribution 

MTL-STD-8 10B-1 

28  July  1969 

Military  Standard;  Fnv i r onmon t a  1  Test  Methods  for 
Aerospace  and  Ground  Kquipment 

MI L-STD-88  2 

15  July  1969 

System  Safety  Program  for  Systems  and  Associated 
Subsystems  and  Equipment;  Requirements  for 

TABLE  II.  F-18  CITCP36-200  LIFE  CYCLE/RELIABILITY  DEMONSTRATION  CYCLE 


(A) 

Conduct  Steps  A1  throuqh 

A6 

(C) 

Conduct  Cl  throuqh  C6  (3 

Times) 

( 28  Times ) 

A 1 

Unit  Start 

Cl 

Unit  Start 

A2 

Ready  to  Load 

15  seconds 

C2 

Ready  to  Load 

10 

seconds 

A3 

Main  Engine  Start  Mode 

36  seconds 

C3 

Mai n  Eng i ne  Start 

240 

seconds 

A4 

Ready  to  Load 

15  seconds 

Mode  (Motor i ng ) 

A5 

Main  Engine  Start  Mode 

36  seconds 

C4 

Ready  Load 

10 

seconds 

A6 

Unit  Shutdown 

★ 

C5 

Ma i n  Eng i ne  Start 

Mode  (motoring) 

240 

seconds 

C6 

Unit  Shutdown 

(B) 

Conduct  B 1  through  B4  (4 

Times) 

(D) 

Conduct  Dl  through  D4  (7 

Times) 

B 1 

Unit  Start 

D) 

Unit  Start 

B2 

Ready  to  Load 

15  seconds 

D2 

Ready  to  Load 

1  20 

seconds 

B  3 

Main  Engine  Start  Mode 

36  seconds 

D3 

Subsystem  Checkout  Mode  1800 

seconds 

B4 

Unit  Shutdown 

* 

D4 

Unit  Shutdown 

* 

•Time  between  unit  shutdown  and  subsequent  start  will  be  two  minutes  minimum. 


Stops  A  through  D  (5  hours)  shall  be  repeated  200  times  to  total  of  1000  hours  and 
8400  starts 


TARIjK  TIT.  A- 10  P'lVP  36-60  ORIOINAF,  OMAr.T  FTCATTON  TKST 


o  1260  hours  por  sequence  shown 
o  .Sequence  is  10  hours  lnnq 

o  1260  starts  roqui  mH 

O  30  Starts  must  hr*  preceded  l»y  2  hour  shutdown 

o  20  starts  must  ho  made  following  ml  lHnwn 


01£0m-'hOR 


Stop 

Mo. 


l  r> 

m  i  n 

at  no-load 

1  4 

6 

m !  n 

at  no-load 

2  1 

nr  , 

4  0  n  i  a  ,  30 

Hoc 

at 

23* 

1  6 

2 

min, 

16  hoc  at 

•"ix 

T  2 

min, 

,  1  6  r.or  a  t 

nnx 

1  3 

3 

m  i  n 

at  no-load 

4  r) 

m  i  n 

at  no-load 

1  7 

1 

hr  , 

46  min,  30 

Hoc 

a  t 

1  00% 

6  2 

min, 

,  IS  r,oc  at 

max 

1  8 

2 

min. 

16  sec  at 

max 

6  6 

n  i  n 

at  no-load 

10 

3 

m  i  n 

at  no-load 

7  1 

nr  , 

45  min,  30 

ROC 

at 

30* 

20 

2 

min, 

13  sec  at 

max 

3  2 

min, 

,  13  sec  at 

max 

21 

3 

m  i  n 

at  no-load 

4  > 

m  i  n 

at  no-load 

22 

1 

hr  , 

43  min,  30 

sue 

at 

norm 

shaft,  /min  bleed 

;n  2 

min, 

,  1 3  sec  at 

max 

2  1 

2 

min, 

13  sec  at 

max 

1 1  3 

mi  n 

at  no-load 

24 

5 

n  i  n 

at  no-load 

1 2  1 

hr  , 

43  min,  30 

HOC 

at 

73* 

23 

2 

min, 

15  sec  at 

max 

13  2 

min, 

,  13  sec  at 

max 

0 

tops 

1  through 

23  = 

10 

BSE 

oquonci 

a  1  23 

t imps. 

TABhE  TV.  A- 10  HTOP  36-60  RROUAM  F  1  fT ION  TKST 


o  1260  hours  per  sequence  shown 

o  Sequence  is  12.6  minutes  long 

o  6000  starts  required 

Step  No. 

Pond i t i on 

1 

Start  APU 

2 

10  seconds  no-load 

3 

60  seconds  full -hi  end  load 

4 

10  seconds  no-load 

5 

60  seconds  full-hlood  load 

6 

'20  seconds  no-load 

7 

J70  seconds  part-bleed  load  (700  50°F) 

8 

120  seconds  no-load 

9 

Shut  down 

TABLE  V.  TEST  REQUIREMENTS  FOR  ESSENTIAL  AND  NONESSENTIAL  UNITS  FOR  CIVIL  APPLICATION 


TSO  Part  37 
Subpart  B 

Applicability 

Sect  ion  37.183 
Paragraph  _ 

Subject 

Essential  Units 

Nonessential  Units 

4.3 

Attitude  Conditions 

X 

X 

4.4 

Magnetic  and  Electronic  Interference 

X 

X 

4  .  7 

Operating  Characteristics 
(see  TSO  for  required  data). 

X 

Not  required 

4  .  7 

Negative  Acceleration 

X 

X 

7.0 

Design  and  Construction 

X 

X 

3 . 2 

Air  Intake  (Icing  Characteristics) 

X 

Not  required 

7.2.1 

Foreign-Object  Ingestion 

X 

Not  required 

r> .  2  .  2 

Inlet  Air  Pressure  Drop 
(Velocity  Distribution) 

X 

Not  required 

->.3.4.4 

Oil  Tank  Pressure  Test 

X 

X 

7.8 

Drive  Attachments 

X 

X 

7.11 

Safety  Devices 

X 

X 

7.13 

Rotor  Blade  Failure  Protection 

(Note  2) 

(1)  Rotor  containment, 
nonessent i al 

(2)  Blade  portions  likely  to  occur 

(3)  Blade  containment 
(critical  stage) 

( 4 )  Critical  stage 

(see  3.23  for  definition) 

Opt i onal 

X 

X 

X 

X 

X 

X 

X 

7.14 

High-Energy  Rotors 

( 1 )  Conta i nment 
or  Integrity 

Opt ional 

X 

X 

Optional 

3.17 

Vibration  (Rotors  and  Highly 

Stressed  Parts) 

X 

Opt ional 

7.16 

Stress  Rupture  and  Star t/Stop- 
Cycle  Fat igue 

X 

Opt ional 

7.17 

Control  of  Unit  Rotation  (if 
i ncluded--Manu f ac turer ' s  Option) 

Optional 

Optional 

6  .  0 

Block  Tests 

(1)  Unit  calibration 

(2)  Rotor  Integrity 

(3)  Rotor  containment 
and  Rotor  blade 
conta i nment 

X 

X 

Opt ional 

X 

X 

Opt i onal 

X 

X 

NOTES:  (I)  This  table  includes  all  paraqraphs  of  the  TSO  and  the  Flight  Standard 

where  testing,  analysis  or  documentation  is  specified  or  implied.  The 
design  requirements  of  all  other  paragraphs  are  satisfied  by  inspec¬ 
tion  or  review  of  manufacturing  drawings. 

(2)  The  manufacturer  may  elect  to  demonstrate  rotor  integrity  in  lieu  of 
full  rotor  containment  on  nonessential  units. 

(3)  The  FAA  may  specify  other  special  tests  if  deemed  necessary. 


TABLE  VI.  HISTORICAL  SUMMARY  OF  AI RESEARCH  APU  INSTALLATIONS 
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TABLE  VII.  APU  INSTALLATION  COMPATIBILITY  TESTS 


Type  of  Test 


Compatibility  and  Calibration* 


fuel  Drain  Check 


Installation  Effects  on 
Operation 

Compartment  Temperature  Survey 


Electrical  System  Compatibility 


Fire  Detection  and  Extinguishing 
System 

Bleed-Air  System  Compatibility 


Exnaust  Wake  Temperature  Survey 


Service  Cycle  Test 


Acoustics  (optional) 


Maintainability  (optional) 


Description  of  Test 


Utilizing  the  bare  APU  configuration, 
determine  that  the  APU  and  the  aircraft- 
furnished,  shaft-driven  equipment  are 
compatible  and  capable  of  specified  per¬ 
formance. 

Concufct  wet  start  attempt  with  ignition 
deactivated  to  demonstrate  acceptabili tv 
of  fuel  drainage  from  turbine  plenum, 
exhaust  system,  and  APU  compartment. 

Determine  installation  effects  on  APU 
starting  and  performance. 

Conduct  a  survey  to  determine  component 
surface  temperatures  and  compartment  air 
temperatures  during  APU  operation  and 
following  shutdown  (soakback  effect). 

(a)  Establish  that  the  aircraft  and  APU 
electrical  system  controls  interact 
in  a  compatible  and  suitable  manner. 

(b)  Conduct  electrical  tests  to  ensure 
that  the  voltage,  frequency,  and 
fault-clearing  controls  are  satis¬ 
factory. 

(c)  Determine  adequacy  of  electrical 
power  supply  to  APU  starter  (or 
hydraulic  power  supply  if  hydraulic 
start  system  is  used) . 

(d)  Determine  adequacy  of  electrical 
voltage  for  actuation  of  relays  and 
solenoids  simultaneously  with  maxi¬ 
mum  voltage  requirement  of  the  APU 
star  ter . 

Conduct  checkout  test  of  the  fire  detec¬ 
tion  and  extinguishing  system. 

Conduct  pneumatic  system  tests  with 
actual  or  simulated  aircraft  ducting  to 
determine  compatibility  of  the  APU  with 
the  aircraft  main  engine  pneumatic 
starters  and/or  environmental  control 
system. 

Determine  that  exhaust  wake  temperature 
do  not  create  excessive  skin  and  struc¬ 
tural  temperatures  on  adjacent  parts  of 
aircraft  and  that  exhaust  gases  are  not 
ingested  into  the  APU  inlet. 

Conduct  a  cyclic  test  of  operable  instal¬ 
lation  equipment  to  simulate  actual  ser¬ 
vice  usage.  This  involves  opening  and 
closing  inlet  and  exhaust  doors,  starting 
and  operating  the  APU  at  a  load  schedule, 
followed  by  shutdown. 

Determine  the  acoustic  characteristics  of 
the  installation  and/or  effectiveness  of 
the  attenuation. 

Demonstrate  the  maintenance  and  servicing 
of  line  replaceable  units  (LRUs),  instal¬ 
lation  and  removal  of  the  APU,  and  use  of 
AGE  equipment. 


•To  be  conducted  in  a  standard  engine  test  facility. 


13-13 


TABLE  VIII.  AIRESEARCH  CONDUCTED  COMPATIBILITY  TESTS 


Installation 

APU 

Installat ion 

APU 

A.  300 

TSCP700-5 

Lockheed  Electra 

GTCP85-291E 

DC- 10 

TSCP700-4B 

Fairchild  AC- 1  19 

GTP8S-1 27A 

DC-9 

GTCP85-98D 

Grumman  TC-4C 

GTCP8S- 1 34 

Dassault  Mercure 

GTCP85- 16  3CK 

MA-1A  Trailer 

GTC85-70 

727 

GTCP85-98 

MUST 

GTCP85-  1  27 

747 

^,TCP660-4 

M32A60A 

GTCP8  5-180 

Fiat  G222 

GTCP36-16A 

TMC105-6 

GTCP100-52 

Gulf st ream  II 

GTCP36-6 

CVA  62 

GTCP100-S6 

Lockheed  P3A 

GTCP95-2 

EMU  1 2-E 

GTP30-67 

MSA  Tr ident 

GTCP8S-  1  39H 

GTGE70-6 

GTP70-50 

Namco  YS- 1 l 

GTCP36-  16 

EMU  1  4 

GTP70-52 

PUPE70- 1 

GTP70-21 

TABLE  IX.  APU  INSTALLATION  FLIGHT  TESTS 


Test 

I  tern 

Type  of  Test 

Description  of  Test 

1 

Inlet  Temperature/Pressure 
Survey 

Obtain  APU  operating  and  non-operating 
data,  including  the  starting  cycle,  also 
ascertain  AP  between  air  inlet  port  and 
exhaust  outlet  port. 

2 

Compartment  Temperature 

Survey 

Determine  APU  compartment  temperatures  and 
temperature  of  various  APU  and  critical 
components  while  operating  on  the  ground, 
in  flight,  and  following  APU  shutdown 
( soakback ) . 

Exhaust.  Wakp  Temperature 

Survey 

Determine  that  exhaust  wake  temperatures  do 
not  create  excessive  skin  and  structural 
temperatures  on  adjacent  parts  of  the  air¬ 
craft. 

4 

Installation  Effects 

Determine  in-flight  installation  effects  on 
starting  characteristics  and  performance,  on 
flight-operable  and  FAA  "essential"  APUs. 

5 

Overboard  Drains 

Check  for  proper  function  of  the  overboard 
drain  systems. 

5 

Vibration  Survey 

Determine  vibration  character i st ics . 

7 

Operational  Data 

Record  various  APU  operational  data. 

8 

Inlet  I  c l nq 

For  FAA  "essential"  APU,  start  and  operate 
throughout  the  icing  envelope  defined  in 
Appendix  C  of  FAR,  Part  25. 

9 

Acoustic  Noise  Survey 

Determine  presence  of  acoustic  noise  above 
150  dB  in  the  APU  inlets  and  APU  compart¬ 
ment,  both  in  flight  and  on  the  ground  with 
APU  operating  and  non-operating. 

Figure  3.  Model  GTCP85. 


Figure  4.  U.  S.  Navy  Start  POD. 


Figure  5.  U.  S.  Air  Force  MA-IA  Ground  Cart. 


Figure  6.  U.  S.  Navy  RCCP  105  Auxiliary  Power  Unit. 


\ 


Figure  7.  Model  GTCP660  Cross  Section. 


Figure  8.  Model  TSCP700  Cross  Section. 


Figure  10.  F-15  Accessory  Drive  System. 
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Figure  11.  Model  GTC36-50/100  Cutaway. 
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Figure  12.  Model  GTC3600200  Cross  Section. 


Figure  13.  Advanced  Ground  Power  Unit  (AGPU). 


NOTE:  ENCLOSURE  EXTENSION  FOR  DEMO  ONLY. 


Figure  14.  Recuperated  30  kW  Generation. 


4  MINUTES  (PLUS  ACCEL  AND  DECEL.  TIME) 


Figure  16.  Models  GTCP36-50  and  GTCP36-100  Qualification  Test. 


Figure  18.  Rotor  Dynamics  Test  Rig. 


Figure  20.  A.300B  APU  Compatibility  Test. 
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Figure  21.  Example  of  APU  Compartment  Instrumentation. 
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-  do  1975  a  nos  jours  o'est  fait  rosnent ir  progress ivement ,  cepcndunt,  la 
m'cessitc  do  pro coder,  u  intervalles  do  temps  de  fonctionnement  determines, 
a  la  verification  dor;  "per  f  ormancon  do  revision  generale".  Coci  non  seule- 
ment  on  mature  do  temperature  KGT,  pour  garantir  un  certain  temp:;  d'uti- 
lmation  sans  atteindre  la  limitation  opera  t  ionno  1  le ,  main  encore  et  surtout 
on  mutierc  do  retail  1  i  ssement  d'une  consommat ion  specif ique  retablie  a 

une  valour  plus  proche  do  cello  du  reacteur  d'origine,  avec  laquolle  on 
particulier  le  rayon  d'action  ot  It'  cout  direct  Sexploitation  do  l'ovion 
avaient  etc  ctaolis  au  depart.  II  apparut  alors  necessaire  do  restaurer 
per iodiguement  ces  performances  au  plus  pres  do  lour  niveau  d'oriqine. 

En  eftot,  on  avait  note  on  service,  surtout  pour  les  reacteurs  a  fort  taux 
do  dilution,  JT9D-7  et  CF6-50C  par  exemple,  ane  allure  caracter ist ique  des 
courbe;  de  degradation  de  performances  en  service  (fig.  1)  (Ref.  1). 

Apres  une  periode  assez  courte  de  deterioration  rapide,  correspondant  tres 
prot.ablement  a  la  "mise  en  place”  des  jeux  de  fonctionnement  regies  au  plus 
juste  en  revision  generate  de  modules,  prend  place  une  deterioration  progres¬ 
sive  a  taux  relativement  constant.  Pour  le  JT9D-7  et  le  CF6-50  ces  taux 
de  deterioration  sont  d’environ  5"  C  (EGT) ,  et  de  0,5  %  de  consommation 
specifique  par  1000  h  de  fonctionnement,  en  periode  stabilisee. 

Les  crises  petrolieres  de  1973  et  de  1979  n'ont  fait  gu'accentuer  cette 
necessite,  les  revisions  generates  (ou  celles  des  modules  principaux)  appa- 
raissant  d'autant  plus  souhaitables  que  leur  cout  d'execution,  en  valeur 
desactualisee  se  stabilise  dans  le  cas  de  reacteurs  ayant  atteint  leur  matu¬ 
rity,  alors  que  le  cout  d_  carturant  ne  fait  qu 'augroen'-.er  et  aux  deux  reprises 
deja  citees,  de  faijon  spectacula ire . 

1.2.  Suivis  statistigues 

La  disparition  de  la  notion  de  revision  generale  a  potentiel  fixe,  la  neces¬ 
sity  de  maitriser  la  deterioration  des  performances  des  reacteurs  livres 
a  l'avionnage  fait  que  le  suivi  statistique  des  performances  reacteurs  apres 
revision  en  atelier  prend  une  importance  accrue.  Le  suivi  est  effectue  apres 
tout  type  d 1  inter vent  ion ,  mais  prend  tout  son  sens  apres  des  interventions 
de  meme  nature.  Parmi  celles-ci  on  distingue  maintenant  de  plus  en  plus 
celles  correspondant  aux  programmes  de  "restauration  des  performances"  du 
type  RAM  (refurbishment  and  modern iza t ion)  par  exemple  pour  le  JT9D ,  ou 
"WPG"  (workscope  planning  guide)  pour  le  CF6-50  par  exemple. 

Les  figures  2  et  3  representent  pour  les  reacteurs  CF6-50C  revises  par  AF 
pour  1‘ ensemble  des  partenaires  du  groupe  Atlas,  l'evolution  de  ses  perfor¬ 
mances  globales  essentielles  ; 

-  apres  revision  mineure  (fig.  2),en  "main  base" 

-  apres  application  du  programme  de  restauration  de  performance  "WPG”  (fig. 3) 

Ce  dernier  graphique  traduit  l’effort  permanent  d’AF  pour  atteindre  un  niveau 
de  performances  constamment  ameliore  afin  de  retrouver  les  performances 
d'origine  du  reacteur  par  retubl issement  des  profits  et  des  jeux  d'ailettes 
par  exemple,  ou  meme  de  les  ameliorer  par  1' introduction  de  modifications 
structurales  toujours  relativement  importantes, telles  que  le  recambrage 
de  certains  stators,  afin  d'optimiser  le  point  de  fonctionnement  reacteur. 

Par  ailleurs,  l'etude  statistique  des  causes  de  rejet  au  banc  d'essais  permet 
de  surveiller  le  maintien  de  la  qualite  du  type  d ' in te r ven t ion  effectue. 

Les  figures  4  et  5  donnent  un  exemple  de  ce  type  de  suivi  pour  les  reacteurs 
essayes  soit  apres  revision  partielle  (cas  des  JT9D-7  a  AF) ,  soit  apres 
revision  plus  ou  moins  importante  (cas  des  reacteurs  CF6-50)  aux  differents 
bancs  d'essais  des  compagnies  faisant  partie  du  groupe  Atlas. 

1.3.  Ca rue t  *  ■  r  i  s t  ig ues  actuelles  des  essais  au  banc  des  reacteurs 

Les  cons idera t ions  historigues  et  statistigues  exposees  ci-dessus  permettent 
pensons-nous  d'eclairer  d ' un  jour  nouveau,  les  caracter ist igues  f ondamenta les 
recherchees  actuollement  au  banc  apres  revision  partielle  ou  generale  des 
reacteurs,  gui  apparaissent  essent ie  l  lement  comme  les  suivants  : 

-  fonctionnement  "1  iable"  du  reacteur  et  do  ses  accessoiros,  c '  ost-a-tl  ire 
sans  fm  ter,  ex  ter  ieures  lair ,  huile,  carburant)  et  a  l'interieur  de  limi¬ 
ter.  d  '  ut  i  1  mat  ion  donneer.  (EGT,  niveau  de  vibration  en  particulier)  ; 
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-  tonct  lunnement  "per  formant "  du  ri'actour  ,  c ' est -a-d ire*  permottant  do  pro- 
jetor  une  utilisation  du  reacteur  non  1 imitec  peu  de  temps  a  pros  avion- 
nage  i  Limitation  KGT)  ,  ou  non  Oconomitjuf  (niveau  de  consummation  specif  i- 
gue  par  excmplo. 

1.4.  Limitations  relatives  a  1 ' inter  pro ta t ion  des  essais  GPA 

De  fa^t'n  genera le,  senior.  les  performances  globales  du  reacteur  sont  releveos 
(poussee,  consommation  carburant,  niveau  EGT)  .  L* instrumenta t ion  actuelle 
et  surtout  les  methodes  courantes  d* evaluation  de  performances  ne  pormett^nt 
pas  il’apprecier  de  fayon  f  iable  le  niveau  do  performances  modulaires.  (Kef. 

2  et  3) 

Nous  citerons  a  titre  d'exemple  1'cxercice  do  remise  cn  etat  progressive 
effectuee  en  1978  par  AF  sur  le  reacteur  CF6-50C  n°  4  65  169.  A  chaque  etape, 
un  seul  module  faisait  l'objet  de  remise  en  etat,  le  reacteur  etant  onsuite 
reassemble  et  passe  au  banc  d'essais.  Le  ddpou i  1  lement  des  essais  [jar  la 
methode  standard  faisait  appataitre,  [jar  rapport  a  un  reacteur  de  reference, 
des  variations  de  rendement  et/ou  de  coefficient  de  debit  qui  n'etaient 
pas  en  general  tou  jours  en  r a ppor  t  avec  les  changoments  introduits  dans 
le  reacteur  (fig.  6j .  Par  centre,  le  depoui 1 lement  de  ces  memos  essais  par 
la  methode  GPA  de  HSD*  qui  tient  compte  de  coefficients  de  correction  varia¬ 
bles  pour  chaque  mesure,  aboutissait  a  des  resultats  beaucoup  plus  coho  rents 
(tig.  7).  Aussi  cette  methode  est  elle  maintenant  genera  1  iseo  pour  les  r<rac- 
teurs  JT9D-7  et  CF6- 50  du  groupe  Atlas,  (fig.  8) 

2 .  ESSAIS  KEACTEURS  A  L 1 AVIONNAGE 

2.1.  Necessity  de  tels  essais 

Les  essais  au  banc  sol,  si  utiles  gu'ils  soient,  notamment  cn  matiere  de 
reduction  des  travaux  a  l'avionnage,  ne  sont  pas  toujours  executes  au  banc 
d'essais  specialise.  Dans  la  mesure  oil  il  n'est  pas  necessaire  de  s'assuror 
que  le  reacteur  apres  revision  partielle,  possode  un  niveau  de  poussee  mini¬ 
mal,  il  est  possible  d'effectuer  une  partie  de  ces  essais  sur  avion. 

II  est  en  effet  absolument  necessaire  de  s'assuror  quo  chague  reacteur, 
a  son  avionnage,  independammen t  des  travaux  qu'il  a  subi,  presente  un  niveau 
de  fiabilite  et  de  performance  sa t isfa isants. 

D'autre  part,  il  faut  noter  que  dans  certains  cas  les  reacteurs  sont  essayos 
au  sol  dans  des  configurations  d'habillage  -en  particulier  tuy«  r  o  (si  d 'ejec¬ 
tion  ou  avec  certains  accessoires  differents  de  coax  gu'ils  uuront  sur  avion. 

2.2.  Caracter  is  t  igue  essentielle  des  essais  reacteur  a  l'avionnage 

Les  essais  a  l'avionnage  sont  characterises  par  l'assurance  qu'ilr  apportont 
guant  a  l'integrite  de  l'interface  reacteur-ov ion  ( problemcs:  de  fuitos  des. 
differents  plans  de  raccordement  carburant  et  air  et  problemos  de  reglaq en 
do  commando  essen  t  ie  llement )  .  I  Is  permettent  ega lement  de  r. '  assure  r  de  cor- 
taines  fonctions  non  verifiable:;  au  banc  sol,  telle  gue  le  depl«»  iomont  des 
inverseurs  de  poussee  ou  le  1  one  t  i  onnement  correct  des.  generations  hydra ul  i- 
gue  et  e lect r ique . 

Certaines  valours  de  f  one  t  ionnemont  dependent  equipment  fie*  1  ’  i  ns  ta  1  la  t  ion 
et  doivent  etre  notees  pour  roforence  ulterieure  ;  ]a  |j1us  notable  de  ces 
valours  est  celle  du  niveau  de  vibration,  qui  pour  memo  valeui  rolevb-e  au 
banc  sol,  peut  varier  cons iderab I ement  d'une  position  reacteur  sur  avion 
a  une  autre,  en  fonction  de  la  valeur  assez  aleutnire  de  la  tigidite  dor 
mats  support  reacteur. 

2.3.  Limitations  de  tels  essais 

Ces  essais  systemat igues  pour  tout  avionnage  reacteur,  represon ten t  une 
charge  de  travail  importante,  meme  dans  le  cas  ou  les  pre-reglages  ont  bte 
effectues  au  banc  d'essai  sol.  I  Is  sont  toutefois  essentiel:.,  ainsi  gut* 
nous  l'avons  deja  indique  pour  s'assuror  de  nivoaux  initiaux  sa  t  i  s  f  a  isa  nt  s 
en  matiere  de  fiabilite  de  f one t ionnemont  et  de  performances. 
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Sur  co  dernier  point  il  conviont  do  .souligner  lo  c.j  r  ac  t*  •  r  o  tout  a  1  iit  lirt.it* 
don  vor  1 f ica  t  ions  do  performance  (sans  parlor  do  la  difficult^  d  '  nppl  lquer 
tics  methodes  teller  quo  lo  GPA)  .  Cortes  l'avion  n'est  par.  lo  banc  d'essai 
ideal  -bien  gue  permanent-  du  roacteur.  Toutefois,  lo  motor  iste  n«  **ut 
que  reqretter  que  l'avionneur,  do  tayon  qen»'r  a  lo ,  n  '  1  nt  rodu  iso  pa  mo  instru¬ 
mentation  tie  precision  suf t isante  pour  etablir  a  l'avionnaqe,  et  s.ur  vo  i  llr*r 
ensuite  de  fayon  efficace,  le  niveau  des  performances  reacteurs,  qui  cond 1  - 
tiunno  d'ailleurs  larqement  cellos  de  l'avion. 

De  fayon  generale  le  niveau  de  precision  de  1  *  inst rumenta t  ion  r«*.icteur  sur 
avion  est  celui  neecssaire  a  l'affichage  do  la  poussee,  r>t  a  la  surveillance 
de  non  depjssomont  der.  Limiter,  de  f onct ionnemen t  on  service. 

A  ce  sujet,  il  peut  otic  int^ressant  de  comparer  -pour  unc  installation 
recente-  les  niveoux  de  precis; ion  de  l€»cture  des  instruments  principaux 
roacteur  prevus  sur  A310  equipe  de  CF6-8O  par  exemple  (fig.  9)  . 

Les  tableaux  analogues  que  L'on  pourrait  etablir  pour  des  installations 
reoentes  (A300B,  B747)  ou  plus:  anciennes  (RR  Avon  sur  Caravelle  -  PWA  JT8D-7 
sur  B7  27)  seraient  encore  plus  eloquents. 

Il  on  rt  suite  quo  Les  r.uivis  de  performance  avion  par  exemple  en  matiere 
de  consommation  prosentent  un  deyre  important  d '  incer  t  i  tude  (fig.  10). 

1 .  KSSAIS  REACTEURS  AVAN?  REVISION  ETAT  EN  ATELIER 

3.1.  N  c  e  s  s  1 1  o  do  tel  s-  e  s  s  a  i  s 


L ' apt  1  ica t  ion  genor a  1  i :  **e  de  la  politique  d'entretien  selon  etat  a  tous 
les  roacteur  s  recent;;  .1  fort  taux  de  dilution  et  a  performances  intrinse- 
quos  o levees,  tels  quo  le  JT9D-7  ou  lo  CF6-90C,  a  pour  corolla  ire  la  neces¬ 
sity  de  connaitre,  a  leur  entree  en  atelier,  l'etat,  e'est-a-dire  le  niveau 
de  performance  de  chacun  des  modules  principaux  reacteurs.  En  effet,  nous 
avons  vue  qu'au-dela  de  la  remise  en  etat  particuliere  Liee  a  la  revision 
principale  do  descente  du  roacteur  -qui  peut  etre  liee  a  un  incident  tres 
localise-  il  s’avore  necessaire  de  maitriser  de  fayon  permanente  la  degra¬ 
dation  des  per f ormances  des  reacteurs  (fig.  1). 

3.2.  Limitations  et  consequences 

De  tel.;  ossais  ne  sont  pas  tou j ours  possibles,  en  particulier  apr*’-s  certains 
incidents  d'origine  mecanique  qui  ne  per met tent  pas  de  f one t ionnemen t  ulto- 
rieur,  tels  que  ingestions,  ruptures  d’ailettes,  deterioration  de  roulements 
etc . 


En  outre,  il  convient  de  noter  qu'ils  entrainent  un  cout  et  un  dolai  de 
revision  supplomonta ire.  Cost  pourquoi  ils  ne  sont  genera  lament  pas  effec- 
t  ues . 

En  consequence,  le  seul  recours  possible  est  devaluation  de  la  degradation 
des  reacteurs  en  service  a  partir  des  elements  suivants  : 

.  Performances  au  banc  d'essais  avant  dernier  avionnage 

.  Per  I  ormances,  a  1 ' 1  ns ta 1  la t ion  sur  avion 

.  Chute  de  per tormances  ova 1 aces  en  service  continu. 

3.3.  Suivi  des  performances  sur  avion  1 

Lo  suivi  peiiManent  if-  la  •  ]•“■.  r  a<l..i  t  i  on  des  per  t  ormances  reacteurs,  sur  avion 
appurult  done  comme  uno  necess  1 1  •  •  ess'»nt  ielle ,  si  l'on  vent  appliquer  do 
la  t  ay  on  1  ,  plus  j  u«i  ic  ieuso  et  la  plus,  economique  possible  une  politique 
d’entretien  selon  etat. 

-  Certos  certains,  points  de  repere  peuvent  etre  disponibles,  quo  l'on  ait 
procede  a  des  verifications  de  performances  au  point  fixe  sol  de  1  ayon 
planifiee  f  toutes  les.  IOOO  fi  de  f  unc  t  ionnemen  t  par  exemple  sur  turbo  pro¬ 
pul  sour  DART)  ou  sur  plainte  oquipage  pour  limite  opera  t  ionne  1  le  atteinto, 
on  anonialie  de  f  one  t  ionnemen  t  teas,  do  tous  les  reacteurs,  de  fayon  generale). 
bans  cos  car.  de  verification  au  point  lixe,  le  re  love  des  parametres  prin¬ 
cipaux  a  fler;  points  d'affichage  de  poussee  bien  doterminoe,  pormot  une 

comparuison  avec  les  valours,  re  levees  lots  do  l'avionnage  et  clone  de  deter-  1 

miner  dans,  un*..-  faible  mesure,  i  le  roacteur  sera  it  encore  ou  non  dans 
les  limiter;  d  '  accepta  t  ion  au  banc  sol  et  even  t  ue  1  lemon  t  de  retoucher  sos 
r eg lagos . 
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1.  .  i  i s  i>  >n  i  ii  u !  t  i  :.\.i  nt.e  d<  L '  i  nr;  t  r  urncn  La- 
j:n  <■*  .u  1 1  .i  t res  tent  enrol e  plus  qualif  i- 
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i  :<■!!•?  i  ■  »r  i  1 1*^  ■  :?;►*  n  t  i  <mh  t-r  operations 

i  •  r ;  ■  ;  du.  'ti  plu..  diiecte.  I)Vil<or'l  orient** 

i  ::  •  >  i  ;  i .  court  t'-rmo  des.  (i'-t'-r  lui  jt  ion:.;  proqres- 
>i  i  p  i.-  .  '<>■  1*  :  •;.»/  (a  i  letter,  do  turbine*  do 

1 1  :•  t  it.  iii*-  ,  co*  s  a  iv  l  prend  <lf  plus  on 

e  1  i  v  i  1  *  ■  j  i  i*'  r-l*renco  qu'il  ro  prison  to 

.  it  j  •  t  t-  j  i  i  :\c  i  j .  j  ha  ii'i  r'MCt»M.ir  :  v  l  ton  nos  dos 
t  i  •  «  t  :•  !  )  t  ■  - .  *  i  :  jr.int,  rapport  do  detente 
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.  j.  .*  /  j»*m*rulo  a  pcirtir  des  relf- 
l'  iir.f  do  croisit.*ro  tabi  1  isec , 
mi«*  11  il  lustre,  a  titro  d’exemple, 
>ai  lo  p  jctour  JT9D-7  des  B7  47  . 


Am.i  ;  a*  n  k>.  1  1  .iv-ji..  i>  \o  .  >-.i  1  i  in*  • ,  co.;  d«»rin*es  :;oul  f  rent  d  '  une  grande 

c  ;  r  **c  l  ;  i .  : .  ;>  i  elle.  per  mot  t*  nt  : .  l  » *  n  on  nui'-ra  1  do  detector  les  deter  io- 

i  1 1  i-  j  •  t  ■ '  :  i  •  •  •  i  vo.: ,  ,i.-v  I  opponent  progress  i  l  du  passage  des  jaz,  olios 

'  *  v  •  t  *  •  n  t.  ac  t  .]'•  1 1*  t  in  ut  !  l  •  ..int  os.  pout  d«- tor  minor  do  fa^on  precise  et 

:  i , » :  i  •  *  i  *  :  ■  d»  •  t  *  •  i  ioi  it  i  >  -n .  ..per  i  f 'i.jues  <  io ;;  module:;  piincipaux  dos  reactours. 


i .  4  .  1  vol  it  l  >  C;  pt  1  c * r i . i  i  n*  •  d».'  ce  type  tie  suivi  permanent 


doi-.pto  t**nu  •  1  •  • :  '  )i»  p.-ct  1 1 s  fixes  plus  haut  quant  a  In  conn  j  issn  nee  des  rende- 
n  t : .  :v«duiain...  ,i  1  '  entree  d'un  rone  tour  en  atelier,  dos  limitations  on 
nor:  r<  .Jo.;  ;  a  t . «  m*  t  r  <•.  lu.;,  et  do  lour  relative  imprecision  de  lecture,  il 

:pparait  r..«  ;  n  tenant  comme  os>sentiei  do  pouvoir  disposer  en  permanence  de 
valours  plus,  precise;;,  non  sou  lenient  on  mode  de  f  one  t  ion  nemo  nt  stabilise 
.  c  i  <  *  i .  •  i  *  r  •  ::,i  i eg.,  lomont  lorsque  la  pleine  puissance  est  requise  (decol- 

1  a '  1 0  1  • 


Ii  cmivpnt  do  notor  ju»*  cos  ronso  iqnomonts  nc  sont  pas  necessa  ires  a  la 
cimduite  iu  vol,  ni  ..  la  surveillance  .i  court  terme  des  degradations  rapide 
:•  ;  :r.i”*  tre.;  prin«’ipaux  r '-ac  t'*ur ,  et  qu'en  consequence  la  conna  issance 

<  ■•.}  !'■■*•:::*  J'aMicbaue,  et  lc*  rocuoil  de  cos  valours  n’est  pas  necessa  ire 
i ■  i  nivo.cj  du  cuckpit. 

A  i  ciu.ti  iir«  1  '  acqu  i 1 1  ion  ot  Lo  stockaqo  do  ces  parametres  est  ma  intenant 
*  r  i  v  i .  iue  par  A  IPS .  l..t  t  iqurr*  12  ropr'-.jonto  io  schema  d 1  une  telle  installation 
:  r*  v  u**  par  AT  po.ii  1»  ..  A  3 1 « >  r  ^  |  u  i  |  <lo  r»»actours  CF6-80. 

:.*•  :  .ii  i •  •  i  •  •  :  i  i  r*-s  1 ' lu.it  ion  pormanonto  des  rendements  modula  ires 

*-i  •  'ii:  i*  p.i  r  1  *  l  n  t  •  ■  i  r  •  » i  i .  1 1  r  *  *  do  captours .  Puis  cette  information, 

•i.iduit.  .  l  *  •  •  ♦  j  i  pj. nt  *.*n  lanuaur  approprio  au  niveau  du  roacteur ,  sera 

I  t.  toe1-.*-*  i  iii.  :ii;  *  m  *'tj  i  :.t  roar  d*-  maintenance,  ba  sortie  en  clair  de 

■•••-'  t.ii.i::*  tr*  ..  .  or.i  ;  <  :  : ;  i  :  >  1  *  jii  cockpit  sur  imprimante,  a  la  demande  do 

I  * 1  •:  1  o;  i  *  i  "•  'MiiiriMi  n.iviqunt,  pour  transmissions  ulterioures  au  sol  et 
'i  :it»  •  n  t  i  ill  •  sur  or  i  i  :  i,.«  t  >  u  r  de  grande  capacite  a  la  base  princijiale 


Am  i  il  :<  vi«n;r  .  ;  ■  •  s.  1 1  1»  ,  >  touto  ontr«*c*  roacteur  on  atelier,  suite  a 

mom'  nt  ,,  n  -.,  ■  ■uv1  :r  c«  rm  » 1 1 ro  l’otat  do  determination  de  performances 

u*  .jo.  m  « i  i  1 1 1  <t  'lone  d  *  or  i  enter  la  definition  des  travaux  de  remise 
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w-vr-j  etf.-  .  i  i : -pi  ,r  1 1 : .  1  <•  u«r:  th  i : on  service  do  c*  type*  ilr*  reacteur  . 
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Invest.  ii|at  ion  ot  Ivi  lonnanc.v  Do  tor  i  oi  at  i  on  of  the 
CF*>  JT9D  ii  1 « jh-Hypass  Ratio  Turbofan  Fngines 

|  by 

.Joseph  A.  7.  iorn  1  ar.sk  i 

l  N.o  i  ■  'iia  I  Aeronaut  irs  and  Space  Administration 

I  I.owis  Research  i'eiitiT 
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7:.»  •  -  x  ♦  •  • :  t  .  i  t  .  i  i  mag  n  i  t  u  dt  ■  •  •  1.  ;  e  r  i  ■ o  rmur:  i  *»  •  deter  iom!  i  -n  o!  Mm  prait  mu  W:.  i  ‘  :.<  •  /  J  Tib 
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1  s:--  ary  t .-  minir:/e  performance  deterioration  of  current  and  future  engines,  ;  r. -t.  >.>. 

i  t  .  v  *  - ;  ♦  :  ;a*  :  r :  •  j  ♦  !u  m<  •  chiar; :  sms  that  contribute  to  pet  f  ormanee  det  or  i;  rat  ion,  ♦  in- 
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!  S'  bit"  ♦  nr  pe »  }  r .  rman  'let  -  i  n.rat  i  on  to  spec  i  t  ic  "Vents  and/or  module./  and  conduct 

I  ’  Jor  sp-ecifii-  e  t  f  "et  s  t . .  quantify  i  r.  more  detail  the  cause’s  of  the  per  t  ormanee 

d*  o  .  j  i',r  .it  i'  n  /ind  t  h»-  sf-ris  i !  ivity  of  pt-rframanre  t  *~»  t  h<*sc*  cau.ses. 

:  *  i  •  1  rj '  t  V'  r  "SU  i  f  s  no  n  >t  "ong  ! .  t  .  ,  but  sufficient  results  are  availal.de  t" 

-  ’  *  *  ■'  '•«  i  -  and  - 1 '  • '  e  ? :  md  to-  <  .tabli  ;!.  the-  maguitiide.s  of  per  J  ui  rnam'e  d»  trrioi  .i!  i  <-ffi 

*  •  Pi'?;,  .md  epe  ; ;  j  ■ ;  f ;  o/iasn  r  a*  :  .  tuibolun  engines. 


\>\  •  i  i  ’»  i  'N 

*  i  r  i,f  e>  Wni*n.-y  JT9  D-  1  A,  /  /  2. 0  and  be|i"ial  Fleet  r  ic  t’l-’h-hU  oiiqines,  Fiquies  ami 
■I  ’■  ;  ■  w*  r  *  a*  bor-inq  74  7  and  iJf.u  jhi:;  DC- 1 0  airplanes.  both  engines  me  asmm-Dlcd 
n*  I  ;  i  --.a  i  vd'lhll  IZr-fl  eot.eept.  Typif.ll  TliOtluIe  imniemdat  me  {  <U  file  Cf-q*  en.ji:;.' 
v  i-.  i  i  ;-i  r  •  4.  Trie  JT9D  r:om«- no  I  a  t  ii  r  •  •  i  s  i  nil  1  at  ,  e>:<-.-pl  t  lu1  quaitei  stage  is 

:  :■/  a  -  >w  f -r  •  u --.  ui  .  •  e  .nip  t  ■:  >?  nio-lub  .  'fable  1  desei  |j-e;;  some  v.f  the  .dia  i  .is  t  ei  1  St  i 
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It  should  hi-  noted  that  the  JT91)  and  CFO  engines  a  re  maintained  using  .m  "on-cotidi  !.  uhi 
mu  i  n  t  enanco "  concept  .  Under  this  concept  the  engines  are  repaired,  as  roquirod,  based  c  j  ri 
engine  in;;pivt  ion  data  rather  than  at  a  fixed  time  interval  between  overhauls.  This  "on- 
oondition  maintenance"  concept  requires  the  engine  he  assembled  f rom  modules  or  subas- 
si'mbl  ies  that  are  completely  1  nt  erchanqeab  J  e  so  t  he  enqino  can  be  easily  d  i  sasscmb  i  ed  . 

This  permits  maintenance  of  individual  modules  rather  t. Inin  entire  enqines  and,  moreover, 
pet  nut.  s  repair  of  only  those  parts  that  are  defective.  Thus,  in  airline  practice,  when 
an  enqine  enters  the  shop  for  repairs,  typically  the  modules  are  separated,  repaired  if 
required,  and  dispersed  to  inventory.  A  "now"  enqino  is  then  assembled  from  modules  from 
inventory  and  returned  to  the  fleet  for  service. 


R K SUL TS  AND  D I  S C IJ S S  l ON S 
Historical  Pat  a 

Performance  deterioration  trends  wort'  determined  by  both  Pratt  and  Whitney  (JT9D)  and 
•deneral  Kleotric  (CP6)  from  analyses  of  historical  information  from  contributing  airlines 
( represent i nq  approx i ma tel y  one-third  of  the  world’s  fleet  of  airplanes),  aircraft  companies, 
overhaul/repai r  organizations,  and  enqino  manufacturers.  Figure  a  shows  the  sources  of 
these  data.  Included  were  (1)  data  from  enqine  testing  (e.g.,  production  acceptance, 
urcralt  acceptance,  and  pie-  and  post-repair),  (2)  normal  flight  data  and  (3)  observations 
and  documented  records  of  used  parts  condition  and  replacement  rates. 

The  major  contributors  to  performance  deterioration  are  shown  in  Figures  6  and  7.  In 
t he  cold  section  of  the  engine  (fan  and  compressor) ,  airfoil  quality  (foreign  object  damage 
'FOP),  erosion,  and  surface  roughness)  is  significant.  In  the  hot  section  of  the  engine, 
thermal  distortion  is  one  of  the  predominant,  de  ter  iorat  ion  mechanisms,  causing  -  for 
example  -  warpage  or  distortion  of  vanes.  Clearance  increases,  resulting  in  efficiency 
losses,  occur  throughout  the  entire  engine  as  a  result  of  blades  rubbing  their  outer  shrouds. 

The  performance  degradation  mechanisms  -  such  as  clearance  increases,  erosion  and 
airfoil  roughness,  and  thermal  distortion  -  affect  the  cruise  specific  fuel  consumption 
>SFC)  as  shown  in  Figure  8,  for  the  JT9D-3A/7/20  engine  modules  (refs.  4  and  5)  and 
Figure  9,  for  the  CF6-6D  engine  modules  (ref.  6).  In  each  of  those  figures,  the  degradation 
mechanisms  reflect  the  module  condition  at  three  points  in  an  engine's  life  cycle: 

1 .  First  flight  of  an  airplane 

2.  Multiple  flights  -  typically  representing  the  point  at  which  the  engine  comes  in 
for  f  i  rst.  repair 

3.  Multiple  flights  after  first  repa i r/overhau 1 

Assumptions  used  in  the  data  presented  (Figs.  8  and  9)  weie  (1)  the  original  modules 
remained  together  and  were  not  separated,  and  (2)  only  the  high  pressure  turbine  module 
was  replaced  ->r  repaired  between  the  second  and  third  point  in  the  engine  life  cycle.  Tins 
'•",-iiM  iu»*  was  employed  to  illustrate  the  contribution  of  each  module  to  total  engine 
;  r  f  orman oe  deter  iorat  ion  over  a  number  of  flights.  Summing  up  all  the  modular  deter  i  or  a- 
t  :■  at  a  sel*>.:ted  number  of  flights  then  gives  the  deterioration  for  an  "average”  engine. 

The  combust  io  .,yst.  err  is  omitted  in  Figures  8  and  9  because  the  direct  effect  of  combustor 
•let  er  : '  rut.  lor.  ■■■:'•.  performance  is  insignificant.  It  should  be  acknowledged ,  however,  that 
*::»■  indirect  efforts  on  performance  can  be  significant.  In  addition  to  reducing  turbine 
mg*  in  radial  and  c  i  reiirtf  e  r*  nt  i  a  1  temperature  patterns  affect  clearances  and 
,<r  me, -n  fi::  i  cu  1  changes  in  the  turbine.  The  NASA  bnqine  Diagnostics  program  did  not. 

1  hose  indirect  effects. 

iaf  a  represents  an  average  value  of  performance  de ter i ora t  i on  based  on  available 
d  :i  i  :i f  ',r  i  cd 1  data.  In  some  instances  the  data  sample  was  limited  (e.q.,  pre-repair 
lit-  ind  the  data  scatter  was  large.  To  quant  i fy  the  variability  of  1  he  historical 
it  i :  ’  ieul  m<  thods  were  employe*',  by  bot  h  Pratt  and  Whitney  and  dene r a  1  Fleet  r  i  -  • . 

■•how  t  h>  average  value;;  of  performance  deterioration  along  with  the  stat  istical 

A:  am  i  na  ♦  i  on  of  the  iiis’-a  l'-.i  I  data  reveals,  for  both  engines,  an  ear  1  \  ieterioia- 

•  i  t*-d  ♦  *.  as  shor  t  -t  env.  de  \  er  i « ,r  ..it  on  -  recurs  within  the  first  tew  flights  -  f  m 

,.i  i  r  1  ill'-.  lor  the  studies,  it  was  decided  to  use  the  first  flight,  of  the  airplane  as  the 
na*  t »  r  quantifying  short-  e  rm  effects.  The  subsequent  deterioration,  referred  to  as  buiq- 
'••rr  -  i*  •  *  f  •  r  i  <  •  r  a  t  ion,  is  m<  n.-  gradual  and  increases  with  fl  ig;it  cycles  and/or  t  mie  unt  l  1  the 
f  i  rie  is  removes  because  of  mechanical  problem:;  or  exceedance  of  established  exhaust  gas 
♦er’perature  (FbT)  limits. 

Til*-  vjlsii'.,  for  the  short-term  detoriora*  ion  for  the  dT9D  and  CFi.  enqines  were,  in 
general,  detorirohed  from  both  test  cell  and  cruise  performance  recordings,  supp  1  ement  ed 
l.-y  hardware  inspections.  The  assessments  from  all  these  data  sources  indicated  the 
average  short-term  performance  (Ptor  iorat  ion  of  the  JT91>- 3A/ 7  ,  2  0  is  a  0.7  percent  cruise 
SIT  increase  while  the  ('Ft)  value  is  0.8  to  0.9  percent.  The  0.8  percent  SFC  value  for 
th<-  dFh-f.p  j  s  baser}  upon  hardware  observations  and  documented  records  of  used  parts 
condition  while  performance  data  results,  which  substantiated  the  hardware  results  within 
the  range  of  data  sea* ter,  indicated  the  value  to  be  slightly  higher  (0.9  percent).  For 
this  paper,  tlie  ha rdwa re/used  part  value  is  used.  Hardware/used  part  examinat  ions  showed 
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that  oU’draiH’t'  increases  art*  the  predominant  cause-  of  sho r t  ‘rrm  tleteruji.it  imi  after  the 
first  f  1  lqht  (Figs.  H  and  ‘1)  and  are  a  result  of  ruhs  of  stat  ionary  and  ret  at  m>j  parts. 

These  rubs  m  the  JT9D  are  be  1  i  oved  to  be  associated  with  del  lections  product-d  hy  aircraft 
induced  flight  loads  t  fiat  occur  during  t  ake  off  rotation,  f  light  maneuver;;,  1  and  i  ng  ,  and 
t  in  ust  reversal.  Knq  \  no  power  transients  durinq  these  flight  events  may  also  eoi.t  r  :!.!*• 
t<-  rotor  cast*  interferences  that  produce  increases  in  blade  tip  e  I  ea  ranees . 

Examination  of  tfie  CF6-BD  data  (Fig.  9)  sfiows  t  fiat  hiqh  pr*-ssure  »  urljirn-  i  •  i  «,j  •  ,u. . • 
increases  coiitr  ibuti*  over  90  percent  of  t  fie  total  short-term  performance  •!<  to  i<g  o 

Tfie  cause  of  tills  performance  deteriorat  ion  is  b»*l  n'Vcd  ar.soeiated  witf:  an  n  *  win  i  >■  , 

;  i  >  -duce  s  rotor  case  interferences  that  result  in  increased  blade  t  ip  c  1  ea  r  a  n  <  ••  .. 
even.  t.  is  termed  "hot  rotor  reburst."  and,  as  illustrated  in  l‘i  jure  in,  in  a  »  y;  <  :  *  :.•  r  i-  a  . 

transient  response  which  can  result  in  hiqh  pressure  turbine  LInd<-  r  ubs.  os  *  •  nf 

thermal  ;t  -wth  rates  In*  tween  rotat  i  nq  and  si.it  i unary  ;t  r  .ict  ,;p  Thin  <-v*  .  *  ,  wu  i  i*  » 

a  normal  o-perat  ion,  may  occur  durinq  aircraft  accept  .me*  •  tests.  t  w.c/e.jf  :  . 

Long-term  lerfurmunce  de  to  r  l  orat  l  on  data  included  t«-,t  c*-il  recordings  (  p  r r  * -pa  t  r  , 
cruise  :  -or  fo  nuance  record  mqs  and  hardware  inspect  ion  records.  The  assessments  :  re;:  Vs*  ■ 
data  soirees  indicated  tfie  nvera  }e  per  tormance  deteriorat  ion  for  the  .1T90-  iA/  7/ zb  a‘  i  Vi  ; 

flights  was  2.0  percent  in  cruise  SFC,  and  this  value  gt  <.*w  t  o  i .  0  percent,  at  b'JUO  fliqrd.;.  , 

These  '.’alues  are  a  summation  of  the  modular  contributions  shown  in  Fiqure  P  For  ♦  u* 

;'F*  -•«;),  (Fig.  ) »  ,  the  performance  deteriorat  ion  values,  iiased  m  hardware  .  ispoct.  i  -  a. 
result;--,  at  1 1> h 0  and  2000  flight"  was  2.  \  percent  and  2.4  percent  in  cruise  .SFC, 
res pec t 1 ve 1 y . 

A  'do.si.-r  examination  of  tfie  data  from  both  onqines  reveals  that  the  causes  of  long 
term  performance  deterioration  are  additional  blade  tip  clearance  increases  i  r.  all  er.qirn- 
modules  a lonq  with  fan  and  compressor  airfoil  pros lon/rouqhnoss .  Hiqh  and  low  pressur* • 
turbine  distortion  is  also  a  cont  nbuting  source  to  t  lie  lonq  term  per  f «  urv.mce  -h-t  er  i  or  at  i  ■ 

As  mentioned  earlier,  the  assumptions  used  in  these  analyses  wen-  that  r. )  y  t  n  •  •  HPT 
was  repaired  at  every  repair  cycle  and  furthermore  that  all  other  modub  r>*p.a .  r.ed  intact 
for  subsequent  engine  rebuilds  after  repair.  Re-examining  Figures  H  and  i  reveals  t  P.at  tor 
Mu*  JT9D-  LA.  7.  2u  a  potential  of  about  0.8  percent  cruise  SFC  could  la-  ob*  a  i  :i.-d  with  a  HPT 
repair  while  for  the  CF’6-6D  the  value  is  about  0.9  percent.  These  values  f'.r  HPT  repa  .  r 
arc  generally  not  realized  :n  practice,  however,  because  the  data  obtained  from  references 
4,  r' ,  and  C>  indicates  that  not.  all  performance  deterioration  is  restored,  there  being  a 
residual  of  approximately  0.2  percent  cruise  SFC  deterioration  remaining  after  each  re; air. 

Special  En q l n e  Te s t  s 

Several  tests  of  JT9D  and  CFb  engines  were  conducted  to  expand  the  understanding  of 
performance  deterioration  and  mor*  precisely  assess  modular  contribution  to  the  overall  SFC 
loss  (Table  3).  Pratt,  Whitney  acquired  pre-  and  post-repair  performance  data,  as  well 
as  parts  condition  information  from  32  JT9D-7A  engines  in  Pan  American  World  Airway’s  fleet 
>f  Boeing  747  SP  aircraft.  In  addition,  four  of  these  engines  were  specially  instrumented 
and  periodically  subjected  to  on-the-wing  ground  calibrations  during  their  first  1000  cycles 
of  operation  (ref.  5).  r,ne  of  these  engines  (serial  number  (S/N)  74  3)  was  removed  r  rom  the 
a-.i'-ratt  and  subjected  to  extensive  performance  tests  and  hardware  i  ns  pec  t  i  oris  (ref.  7.-. 

Analysis  of  the  data  from  these  efforts  corroborated  the  historical  data  results  which 
indicated  that,  the  JT9D  exhibits  a  cruise*  SFC  loss  of  about  0.7  portent  during  its  early 
flight  cycles.  The  performance  deterioration  in  the  long-term  (1000  cycles)  was  about  2 . 
percent .  f  the  short-term  deterioration  that  occurs  during  the  early  flight  cycles ,  all 
was  attributed  t o  clearance  increases  throughout  the  engine.  At  1000  flight  cycles,  ul>out 
r>0  percent  of  the  performance  deterioration  is  attributed  to  clearance  increases  while  t  r.e 
remainder  is  caused  by  thermal  distortion  m  the  turbines  and  ncreased  airfoil  surtuco 
roughness  in  the  fan  and  low  pressure  compressor. 

Verifieuti  m  of  historical  CF6-f>0  short-term  performance  deterioration  results  was 
accomplished  by  a  series  of  tests  and  inspections  conducted  with  an  engine  that  was  removed 

from  a  DC”- 1 0-10  aircraft  prior  to  delivery  to  American  Airlines  (ref.  8).  This  aircraft 

♦  •ngine  had  undergone  the  normal  Douglas  Aircraft  Company  acceptance  test  i  lights  but.  had  i 

not  been  introduced  into  revenue  service.  The  tests  following  removal  of  the  engine  th  N 
rj()7)  from  the  aircraft  indicated  an  increase  in  cruise  SFC  of  0.9  percent  over  the  level 
m  asured  during  engine  production  acceptance  tests  at  General  Electric,  Table  3. 

Subsequent  engine  disassembly  and  detailed  inspection  revealed  the  short-term  doti.-rior.it  ion 

to  be  primarily  a  result  of  blade  t i p- to- shroud  rubs  causing  increased  clearance  in  tin-  , 

high  pressure  turbine  module,  again  corroborating  the  historical  data  results. 

Long-term  performance*  deterioration  of  the  CF6-6D  engine,  as  shown  in  Table  1,  was 
investigated  through  test  arid  parts  inspection  of  two  engines:  tfie  first  engine  after  ( 

approximately  4000  hours  of  operation  (1910  flights)  prior  to  its  first  refurbishment 
(S/N  479)  and  the  second  engine  (S/N  380)  ,  prior  t.o  its  third  refurbishment  ,  after  1200U 

hours  of  operation  (3740  flights)  (refs.  9  and  10).  The  primary  result  of  this  investiga¬ 

tion  wac  the  identification  of  the  deterioration  mechanisms  that  contribute  to  long-term 
deterioration  (increased  blade  tip  clearances,  increased  airfoil  surface  roughness  and 

erosion,  and  distortion  of  parts).  The  value  of  overall  engine  performance  de t cr  i-  uat  i on  ,  ’ 

although  less  conclusive  than  for  the  JT9D  because  of  the  small  data  sample,  did  tall 
within  the  statistical  data  band,  Table  2. 


Additional  special  testing  of  the  CF6  was  done  to  determine  the  contribution  of 
individual  modules  and  components  (Table  3)  to  the  overall  increase  in  engine  specific  fuel 
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1  '  l 

c.  >rjs  impt  i ,  >n .  Back  - 1  o-back  tests  of  CFA  tans  and  low  pressure  I  urlmic  (LPT)  modulo;;  •■sta¬ 
id  s  shod  th,«*  amount  of  dot  e  r  i  orat  i  on  at  t.  r  1  but  ub  1  o  to  t  host*  composes  t  s  .  Tin-  >;*•<  jm-n***  in  wh  i'i. 
t;i**  l  >uck  -  t  .  - 1  iurk  tosts  wort*  arn  *mp  I  i  shod  was:  (!)  tost  thn  engine  in  its  us  -  r  •  *r*  ■  l  Vod 

■  'orsl  i  t  i  on ,  (2)  ivnii'vc  on**  spool  f  10  moduli*  (tan  nr  LPT)  ,  (I)  repair  tlu-  removed  niodu  ]  *•  *  : 

re;  hue  it  with  a  now  or  ref  ur  b  i  shed  one,  (4)  reassemble  tin*  modulo  into  t.  ho  engine,  ui.g 

!  r«»test  tin*  engine.  Separate  tosts  of  two  fans,  in  which  the*  fan  blades  wore*  *  ■]*  ■ari***i 
and  tin*  leading  edge  t  econ  torn  «*d ,  produced  a  h .  4  poro**nt  average  r*  duct  ion  in  •■ruis**  Lie, 
f  t  07*  t  ho  pre-repair  value*.  Six  LPT  niodu  1  os  with  various  operating  t.im**s  fio{.  II)  w*i»- 
ti'stoi  :  aok  - 1  o-!  >ack  with  now  and  :  o  f  u  rl.»  l  shod  moduli  ns,  and  the*  average  champ*  in  cruise 
SFe'  contributed  by  LPT  iiotfriur.it  ion  was  also  0.4  pom<»iit.  Inspect  ion  of  t  in*  LPT  modules 
d  i  so  I « t  tir  pt  unary  cause  of  the  performance  deterioration  was  clearance  increases 
iesul‘:nq  t  i  on  blad**  t  i  p- 1  o- s!i mud  rubbing. 

T.  ?  :  ng  !  or  Spec  j  t  1 1*  K  t  t  e*ct  s 

i-xa:ninaf  .  ui  ■■!  t  h«  •  historical  data  and  data  !  mm  special  engine  test  ,  .md  insp»*ct  ions 

■  riobcaate  i  t  no  tact  that  a  primary  cause  of  enqim*  performance  deterioration  was  increased 
:  !ad<-  »  ; :  o  1  -  ar  ann  *s  throughout  the  engine.  In  both  tin.-  short  and  long  term,  the  .IT  9b  ami 
CFt.  engines  '•xini.it  a  significant  amount  oi  performance  detf  maat  ion  resulting  from 
increased  runnim.j  clearances.  To  this  effect,  invest.  iqat  ions  wu  tv  init  jated  »o  better 
understand  tin*  cause  and  effect  of  increased  clearances  for  both  engines. 

A  mas-r  cause  of  increased  rhormnees  in  the  JT9b  eng  in*:-  was  believed  to-  be  flight 
i  m  is  ..  aer  >dy  n  am.  i  r  and  inertial)  t  ransm  l  f  t  mi  to  tin*  **ngine  duritig  normal  aircraft  op*  *r  at  l  •  ;ns 
take-off,  landing,  etc.)  as  shown  in  Figure  11.  An  integrated  NASA  Structural  Analysis 
NASTRAN)  model  of  the  JT9D/747  installation.  Figure  12,  developed  jointly  by  the  Boeing 
donmerc i al  Airplane  Company  (BCAC)  and  Pratt  &  Whitney,  was  used  to  predict  engine  structur¬ 
al  deflections  and  fuel  consumption  increases  resulting  from  various  a i rcr  i  f t/eng ine  flight 
pred  lies  during  quasi-steady  engine  operation  (ref.  12).  These  profiles  ii  eluded  repre¬ 
sentations  of  the  aircraft  flight  acceptance  test  and  normal  revenue  service  operations. 
Fstimat.es  of  the  flight  load  magnitudes  that  might  be  expected  during  the  flight  profiles 
were  provided!  by  BCAC.  In  addition,  the  NASTRAN  model  was  used  to  account  for  dynamic- 
effect:;  resulting  from,  aircraft  operation  during  gust  encounters  and  hard  landings  (ref.  13). 

The  output,  of  the  NASTRAN  analysis  is  in  the  form  of  structural  deflections  of  the 
engine  rotors  and  cast's  resulting  from  flight  loads  on  the  engine.  The  process  by  winch 
these  structural  deflections  wore  translated  to  performance  losses  -  as  documented  in 
references  12,  II,  and  14  -  required  the  establishment  of  baseline  or  "hot  running" 
clearances  for  the  particular  flight  condition  being  analyzed.  These  baseline  clearances 
took  into*  account  the  effect  of  centrifugal  forces  and  internal  and  external  pressures 
and  temperatures.  The*  next  step  was  to  add  to  those  clearances  the  contribution  from 
manufacturing  offset  grinds  of  the  seals  along  with  any  rub  damage  produced  during  tne 
previous  flight  conditions.  The  resulting  clearances  are  those  that  are  available  to 
accommodate  structural  dot  lections  due  to  thrust  and  flight  loads.  Asymmetric  rotor/stator 
deflections  were  then  introduced  from  the  NASTRAN  analysis  and  when  the  relative  closures 
exceeded  the  available  gap,  the  extent  of  rub  damage  was  recorded  as  ci rcumf erent i al 
ur.  i  form  wear  of  the  blade  tips,  and  local  wear  of  the  rub  strip.  The  trade-off  between 
bl  ade-t.  i  p/rub-st  r  ip  damage  was  obtained  by  using  empirically  derived  abradability  factors. 
The  resulting  rub  damage  was  then  converted  to  an  average  clearance  increase  for  each  stage 
■f  the  engine.  The  final  step  involved  the  conversion  of  these  permanent  clearance  changes 
to  increases  in  SFC  by  the  use  of  influence  coefficients  unique  to  the  JT9D  engine.  These 
coefficients  relate  blade  tip  clearance  increases  to  performance  loss  (SFC) . 

Results  of  these  NASTRAN  analyses  ar**  shown  in  Table  4.  As  indicated,  the  nacelle 
aerodynamic  (pressure)  loads  account  for  87  percent  of  the  total  short-term  engine  perfor¬ 
mance  deterioration  (U.7  percent  cruise  SFC  increase).  Inertia  loads,  which  affect  the* 

IIFT  and  fan  primarily,  cause  approximately  lj  percent  of  the  deterioration.  The  dynamic 
b'-ids  did  not  cause  any  significant  changes  in  the  steady  loads  analysis. 

To  acquire  a  better  understanding  of  the  effect  of  flight  loads  on  engine  running 
clearances  and  th<-  associated  performance  deterioration,  a  sequence*  of  analyses  (theoreti¬ 
cal!  and  test:;  (empirical)  was  developed,  (Fig.  II).  for  the  simulated  aerodynamic  loads 
O'.st  ,  <j  specially  pr**f/ar«*d  JT9D  engine  was  instrumented  to  measure  performance,  cl  earances 
and  thermal  gradients  and  subsequently  installed  in  a  high-energy  X-ray  facility 

1 F  i  g .  14).  Tills  facility  was  modified  with  a  specially  designed  loading  device  that  used 

"belly-bands'*  around  the  engine  nacelle,  connected  to  cables  that  were  used  to  apply 
sir  i  la ted  Might  loads  to  the  engine. 

F .  x  t  « *  n  s  i  v  •  *  instrumentation  (Fig.  1  r> )  provided  (fit*  measurements  necessary  to  assess 
performance  deterioration  on  a  modular  basis.  X-rays  and  laser  proximity  probes  were  used 
to  measure  blade  t  ip  and  seal  clearances.  -’-rays,  both  top  and  bottom,  were  taken  at 
s**ven  axial  positions  along  t.  he  engine,  while  laser  proximity  probes  were  available  for 
nine  stages  <  tour  e  i  rcumf  <*  r**n  t  l  a  1  locations  per  stag**).  In  addition,  400  thermocouples  and 
pressure  taps  were  installed  to  measure  engine  case,  flange,  and  cavity  air  temperature  and 
pressure  gradients.  These  temperature  measurements  were  required  to  separate  thermally 
l  r.du'-ed  clearance  changes  f  rom  those  caused  by  externally  applied  structural  1  ads. 

The  simulated  aerodynamic  load  test  prog  rim  consisi  *.*d  of  three  sequences  which  were 
preeeded  and  followed  by  performance  c.il  ilu.it  nms  and  cold  clearance  m> -asut  ement  s  The 
f  irr-d  test  sequence  involved  the  deternuii.it  ion  of  changes  in  engine  running  cleuiar  ces  due 
to  thermal  and  thrust  loads.  In  the  second  test  sequence,  changes  in  engine  st at le  (cold) 
clearances  were  established  as  a  function  of  simulated  inlet  aerodynamic  loads.  The  third 
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e  pience  i!!V"IV(’ii  t'pi’iMl  mn  c»l  t  ho  engine  at  power  while*  applying  simulated  inlet 
i<  r  dynamic  1-  avis  to  detei-nune  the  r<  >rnl  >  i  ned  effect  of  thrust,  thermal,  and  inlet  loads 

‘ !  -  n  uncos .  following  the  tests  tin.*  engine  was  disassembled  and  inspected  to  determine 
'  .as  :•  is  ha  i  la  measurement  s  so  that  measured  pert  ormance  changes  could  he  correlated 
v  1  ■.  • .  s. .  1 1  tv;  .it**  i  i  i  t  ion. 

ii-  lisss.iiy  Jesuits  from  tin*  c  i;nu  1  at  ed  aerodynamic  load  test  indicate  the  amount,  of 
>  i  :  r .  a : :  c*.  vietei  ior.it  ion  was  ap;  >  r  •  :>x  i  mu  t  e  1  y  0  .  fi  percent  in  cruise  MFC.  This  is  .lightly 
.  :  :n*o  ta.iu  i*'sults  t  j  om  other  parts  ■:>!  t  ho  Hnq  i  ne  Diagnostics  Program  have  indicated, 
y  dal  it  is.ilysts  is  now  i  n  process,  t  c»  ‘net  ter  understand  this  level  of  deterioration. 

r  • !  t';es«>  ;t.it:e  tests  i  n  t  he  X-ray  facility,  loads  were  applied  to  the  engine  during 

tests  based  on  est  inates  from  a  limited  amount  of  flight  test  data.  Thus,  the  final 
to;  this  ettoit  to  mote  fully  under -stand  ’he  effects  o!  flight  loads  on  JT'JD  performance 

.  t  it  io;:  ;s  a  t  1  igiit  tr:.t  using  instrumented  engines  on  a  747  aircraft  (Fig.  1  i J  . 

!'::*•  *  -  as  : :  •• :  1  1 1  y  .c  several  technic.il  opt  ions  for  u  flight  test  program  wore  considered,  as 
:  **■••;  :  r .  • 4  •  •  i  e:  ice  1  !> .  For  these  tests  an  inhoard  and  outboanl  engine  will  be  inst  ru- 

f"d  i  •  s!i  wn  ;n  Figure  In.  The  inboard  engine  iristrunuMit  ition  includes  expam.lf.fd  perfoi - 
’m:.s  measu  rem.erit  s ,.  ei.-.ir. nice  me  as  u  remeu  t  s  with  laser  proximity  probe's  in  the  fan  and  high- 
res-eir  ,  •  uri  i  ne  MPT1  ,  and  HPT  case  thermocouple's.  The  outboard  engine  inst  rumentat  ion 

■  -tecs  !  as*  i  proximity  probes  in  the  fan  in  addition  to  normally  installed  engine 
'  ■  •  r;"a  see  :•  *  m  .su  j-er.-e;:  ’  s  .  Additional  riinnc  preparation  lc«r  trie  flight  tests  includes  an 
isaly?  ;.ui  lurid  documented  condition  and  c  1  ea rann-r.i  of  the  HPT  and  restored 

• e  ir str.ces  in  ♦  he  ran  at  the  inboard  Incut  ion  ami  restored  tan  clearances  at  the  outboard 


'4  7  he  used  for  tile  flight  1 1  *  s  t  s  is  t  .he  H(*AC  r«.-searc:i  aircraft  RAOul.  Tne 
:  r  :  "  a  :  y  sue*  ;  •  •  d  t ::  i  s  test  is  to  measure  trie  act.ua  1  flight  loads  (  aerodynamic  and 

ove -eun  •  ered  'during  aircraft  acceptance  tests  and  normal  revenue  service  operations. 
7  r  u .  s  fr.’t  ,  in-flig'ht  aerodynamic  loads  on  the  inlets  and  nacelles  will  be  measured  by 
a  ser.es  of  strategically  located  pressure  probes  (2d2  at  t.he  inboard  location  and  40  at 
*  utr.  ard  location).  gravitational  and  gyroscopic  forcers  on  the  airplane  center-of- 
;r  f;*y,  t  he  wing  st  rut  inti  rsect  ion ,  and  the  engine  will  be  measured  using  acce  1  e  name  ter  s 
m  i  rare  jyrss.  All  data  will  be  continuously  monitored  and  recorded  during  the  flight 
4  i  s’  and  t  i me  synchronized  for  correlation  of  clearance  changes  with  load  conditions. 

Tne  testing  seguencc1  begins  with  a  performance  calibration  of  the  inboard  engine  m  a 
;  r  it*  j»  Wuitney  test  cell.  Following  installation  on  the  aircraft,  an  installed  engine 
;t  uni  si)  m*  i  on  ■>[  both  inboard  and  outboard  onqinos  is  to  be  performed  to  obtain  a 
:  i  n  1  r*-il.ct  per  f  o  rmance  changes  associated  with  the  various  test  segments.  After 

:  *#!-:,  f  :;e  f  light  tests  are  to  begin  with  a  duplication  of  that  portion  of  the 
*.  r  c.  » .  in  -r  .it  t  acceptance  flight  profile  that  contributes  to  engine  performance  deter  i  o- 
va*;  ■  .  b  4  ne  flight  test,  loads  and  engine  clearance  changes  will  be  measured 

•  m  b’  o*  Arc.thor  installed  ground  calibration  test  will  be  conducted  after  the 

*  in'*'  t  I  .  t*  establish  the  level  of  engine  performance  deterioration  resulting  from 

4  •'  •»•••:*  c  •*••  :  1  :  ?h»  .  In  the  final  segment  of  flight  tests,  airplane  gross  weight  will  bo 

v  u  :  •  :  4  ■  c  ::  ,  ’lie  of  forts  on  engine  performance  deterioration  of  take-offs  and 

.  a •  :  .  •  :  c  .  :  r.  "  j "  (wi:ui-up  turns)  mancuveis  which  might  bo  encountered  during  airline 

:*■•••  :•  •  r  •  ;  *  ;,i‘  I'jnu  A  final  installed  engine  calibration  will  then  be  conducted  to 

.  4  •  '  -  .  :.*  4  4  i.  •  :,.!,:.e  pe  r  f  ormance  change  clue  to  the  flight  load  tests.  Following  this 

*  .  ■  *  .  .  •  :  P.  . :  •  r  » 4  :  on  ,  the  inboard  test  engine  will  again  be  calibrated  m  a  Pratt  & 

*•  *  •  c  i  •  undergo  an  analytical  t  eardown/i  inspect  ion  to  measure  clearance 

c  :*  ’  :  4  4  I.-  ,rr»*l  at  ion  of  measured  flight  loads  and  c  1  ear  ance/per  f  ormance 

wo.:-  .  •  .  ; 4 : 4  ‘•■•■♦ing  is  scheduled  to  occur  during  October  >V8U.  Results  from  the 

:  .  .  •  ♦*•.;♦  r.  i  "I'd.)  a*  ■  rodynara  i  c  load  tests  in  the  X-ray  facility  will  be*  used  to  refine 

4  m-  XA.TFAX'  •  ♦:  is*  ir  i  •  mod**!.  This  model  should  then  assist  in  the  development  of  design 

:  4  i  "  ,4  j  ♦  ■  d  engine1  port  ormance-  deterioration. 

i:  :  r  ar.'-.  Invest  i  jut.  ions 


!':.*■  *  •  I  fee*  ,  r,f  .  •  1  i  *a  r.mc*  •  cnanges  on  CFf>  pi*  r  f  ormance  is  being  invest  iqated  in  two  areas: 
: .  ;  ; : i  —  e  res.wir*-  turbine  fllpTi  and  the  high-pressure  compressor  iHPC)  .  The  predominant 
ed**  ■  '{u,  siiort-term  pe  i  f  ormance  deterioration  is  clearance  increases  caused  by  rubs  in 

MPT,  wli ,  !e  in  ’in-  long-term  approximately  one-half  o  f  the  performance  losses  m  the  MPT 
r  i  =  i  MP<*  .it*-  u  ♦  ’  r  i  b  l  ’  al  l  •  ■  ♦'•  increased  cloaiancmi. 

7’ne  MPT  clearance  invent  igation  will  be  run  on  a  CFf>  engine.  The  engine  i  ns  t  rumen  t  a- 
will  :  nc  1  ud»  { *  t  *  ■.  •  :oi  r«  -  and  t  •  *mf  <■  r  at  u  r  *  •  measurements  to  determine  performance,  and  laser 
!*  a  r  uncforr.e  t  o  r  prob*-*s  will  !*e  employed  to  measure  blade  t  i  p- 1  o-shroud  clearances  ;:i  the 
■■♦age  -,f  the  MI'T.  The  ’  **st  s  will  be  conducted  t.o  product*  increasing  turbine  tip 
bar  ever;  *,y  incurring  blade'*  ij.  shroud  nibs  through  progress  i  ve  1  y  more  severe  transient 
I  *  ■  r  i  *  i  ■  i  r  i  s  .  These  engine  operat  mn.-.  include  i  d  1  e  ,  stc*ady  state  operations  at  various  power 
*■■.'*■)■.,  i  :-cf<lerat  ions  and  d»*ce !  ♦•  l  at  » or.s  t«,  and  from  takeoff  power,  rebursts  to  takeoff 
■w*-r,  ind  a  fuel  shut  of  f  at  t.ike-!  !  power.  These?  tests  will  allow  the  effect  of  varying 
PT  •  1  eu  r aiice*;  pe  r  f  -  >r  mar  ;ee  t<»  be  accurately  determined.  The  results  will  enable  up- 
a4  i'  j  arnslyt  ir*al  methf-ds  and  as*>ump*t  ic.ns  t  o  enhance  .  uture  ref urbishmont  or  design 


sensitivity  of  HPT  performance  to  clearance  changes  will  be  determined  during 
a  (-.re  engine.  Clearance  variations,  measured  by  capac l t ance- type  clearanceo- 

wil.  f?e  accomplished  by  flowing  cooling  air  through  the  compressor  rotor  internal 
c  adjust  thermal  growth  under  steady-state  operating  conditions.  In  addition,  the 


V 


•  i  *  mi  an<  '*  ■  tui.jvii'i'  of  th<-  compressor  will 
it ‘i  ••■!.*  t  .it  ion.  The  tost  results  from  this 
:  tin  degree  ot  performance  deter  1  ora t ion 
,  and  will  influence  future  refurbishment 


be  i  rives  t  i  gat.  od  during  *‘nqine 
program  wi  1  1  provide  a  bet  ter 
associated  with  tip  clearance 
and  design  mtor  id. 


urn. 


lor  - 


Id  T  o.d  r i  1  ■ 1  •■]*•. 1 1  . i n c « *  invest  lqafmns  are 
r  e.-u  1  *  •  n  *  not  ava  i  1  ab  1  e  . 


se;i,.{iuled  to  occur  during  the  summer 


Trie  results  -f  t  :n-  program  to  date  arc  documen  ♦ * -d  in  Figure  1  ’  as  a  composite  curve 
and  labeled  "NA  -  A  I’roji  .in  Results  -  Average  data  (JT9D  ami  CFnj" .  The  assumption  used  to 
develop  tile  ci  >rrq.n  is ;  t  e  curve  was  that  the  rate  of  deterioration  between  *  he  data  points 
w  is  linear  between  repair  cycles.  This  linear  assumption  was  made  because  the  exact, 
shape  could  not  he  precisely  defined  in  the  NASA  engine  d  i  agnor.t.  l  c  studies  ( ref  s .  4,  5, 
and  <> )  .  The  upper  curve  i epresent s  the  original  industry  est  imates,  references  10  and  1.7 
■  circa  I  (» 7  4  •  ,  prior  to  the  NASA  Program.  Comparing  the  two,  reveals  that  the  original 
•  ■  d  ’.mate  of  performance  deteriorat  i  on  was  high  by  at  least,  a  factor  of  two.  As  a  part  of 
NASA  Fngine  Diagnostics  program,  cost,  effective  feasibility  studies  were*  also  conducted 
which  -  when  extrapolated  to  today's  fuel  price  (approximately  25  cents  per  liter)  - 
r '  1  a  1  that  H1'  percent  of  the  .  •  cruise  SFC  currently  unrestored,  after  each  engine  repair., 

v-riiaul,  ;s  c.s*  -.’fleet  ivv  » <  ••  testore.  In  addition,  remedial  hardware  modifications  have 
i  d»  ■  :d  ;  !  :  cd  which  will  minimize  the  short  and  long  term  performance  deterioration. 


>NC1.FI'I  N( »  RFMARKS 


The  NASA  Fngine  Diagnostics  Program  results  revealed  wide  variations  in  the  performance 
let  or i  <  >  ra  t  ion  rates  for  individual  engines  in  both  the  JT9D  and  CF6  engine  families.  The 
prime  contributing  factor  to  this  variation  is  believed  to  be  the  "on-condition  maintenance" 
concept  which  permits  selective  repair  and  interchange  of  engine  modules  during  engine 
r*q  air  overhaul .  The  results  presented  in  this  paper  are  a  reasonable  representation  of 
the  average  deterioration  characteristics  of  the  JT9D- 3A/7/20  and  CF6-6D  engines.  Testing 
tor  specific  effects  is  continuing  and,  therefore,  the  results  are  not  final.  Analysis  of 
these  carefully  documented  engine  tests  may  suggest  revisions  to  some  of  the  findings. 

In  summary,  some  of  the  most  important  results  to  date  reveal  the  following: 

o  Short  term  performance*  deterioration  is  less  than  one  percent  crui.se  SFC. 

The  causative  factor  is  either  flight  loads  (JT9D)  or  thermal  mismatches  (CF6) 
which  result  in  rubs  between  blade  tips  and  stationary  shrouds. 

o  Long  term  performance  deterioration  occurs  gradually  and  is  about  2.5  to  3.0 

percent  cruise  SFC  (including  initial  short-term  deterioration)  after  2500  to  3000 
flights.  The  long  term  losses  are  associated  with  more  severe  rubs,  an  foil 
quality,  and  d i s tor  t i on . 


pm:  RKNCFS 


1 .  Fuel  Cost  and  Consumption  -  Financial  Section  Data  Systems  Management  Division  Office 

of  Comptroller;  Civil  Aeronautics  Board  Washington,  DC  20428  Published  Monthly. 

2.  o' Lone,  Richard  0 .  ,  Fuel  Shortage  Causing  Concern,  Aviation  Week  and  Space  Technology, 

March  3,  1980. 

3.  Norod,  Donald  I,.,  Dugan,  James  F .  ,  Saunders,  Neal  T.  and  Ziemianski,  Joseph  A.  , 

Air.  i  ci  f  t  Fnergy  Ffficiency  ( ACKK )  Status  Report  Aeropropu  1  s  ion  1  979,  National 
Aeronautics  and  Space  Administration,  Lewis  Research  Center,  Cleveland,  Ohio  44135, 
NASA  Conference  Publicat  ion  2092  ,  Octooer  1979. 

4.  Jallee,  M.  p.,  performance  Deteriorat  ion  Based  on  existing  (Historical)  Data  -  JT9D 

Jet  Fngine  Diagnostics  Program  NASA  CR- 135448,  April  20,  1978. 

5.  Sallee,  b.  p.,  Pei  !' orman  o*  Deterioration  Based  on  In-Service  Kngine  Data  -  JT'U)  Jet 

engine  Diagnostics  Program,  NASA  CR-159525,  April  27,  1979. 

6 .  Wu  1  f  ,  Ray  H.  ,  CF6-6D  Kngine  Performance  Deteriorat  ion,  NASA  CR- 159  7  86,  January  1980. 

7.  Bouchard,  R.  J.,  Meyer  ly,  W.  R.,  and  .Sallee,  (I.  P.,  Short-Term  Performance 

Do  t  e  r  1  o  r  n  *  ion  in  JT9D-7A  (SIM  Kngine  69)74  3  -  JT9D  Jet  Fngine  Diaqnost  ics  Program, 
NASA  CR-M54U,  June  30,  1978. 

8.  Kramer  ,  W.  H.,  Paus,  J.  I!.,  Smith  J.  J.,  and  Wu  1  l  ,  R.  H.,  CF6-6D  Fngine  Shnr  t  -Tei  m 

pi  •  r  f  o  rma  nee  Deteriorat  ion,  NASA  CR- 1598 30,  March  1980. 

9  .  Kramer,  W.  H.,  and  S.:n  i  t  h  ,  J.  J.,  Long-Term  CF6  Fug  l  ne  Performance  Deteriorat  on  - 
Fvaluat  ion  of  Kngine  S.-.i  451-479,  NASA  CR-  1  3  5  3  81,  February  1978. 


V 


17 


10.  Kramer,  w.  H.  and  Smith,  J.  J.,  Lonq-Term  CF6  Engine  Performance  Deterioration  - 

Evaluation  of  Engine  S/N  4*31-  380,  NASA  CR-159390,  August  1978. 

11.  Smith,  J.  J.,  Long-Term  CF6-6D  Low  Pressure  Turbine  Deterioration,  NASA  CR-159618, 

August.  19  79. 

12.  Jay,  A.,  and  Todd,  E.  S.,  Effect  of  Steady  Flight  Loads  on  JT9D-7  Performance 

Deterioration  -  JT9D  Jet  Engine  Diagnostics  Program,  NASA  CR-135407,  June  9,  1978. 

13.  Jay,  A.,  and  Lewis,  B.  L. ,  Effect  of  Time-Dependent  Flight  Loads  on  JT9D-7 

Performance  Deterioration  -  JT9D  Jet  Engine  Diagnostics  Program,  NASA  CR-159681, 
August  21,  1979. 

14.  Stakolich,  E.  G.,  Jay,  A.,  and  Todd,  E.  S.  -  Kafka,  P.  G.,  and  White,  J.  L. ,  Effect 

of  Flight  Loads  on  Turbofan  Engine  Performance  Deterioration,  NASA  TM-7904 1/ASME 
Technical  Paper,  March  11-15,  1979. 

15.  Sallee,  G.  P.,  and  Martin,  R.  L.,  Expanded  Study  of  Feasibility  of  Measuring  In- 

Flight  747/JT9D  Loads,  Performance,  Clearance,  and  Thermal  Data,  NASA  CR-159717, 
September  28,  1979. 

18.  Aircraft  Fuel  Conservation  Technology  Task  Force  Report,  Office  of  Aeronautics 

and  Space  Technology  National  Aeronautics  and  Space  Administration,  Washington,  DC 
20402,  September  10,  1975. 

17.  Aircraft.  Fuel  Efficiency  Program  -  Hearing  Before  the  Committee  on  Aeronautical 
and  Space  Sciences  United  States  Senate  Ninety-Fourth  Congress  First  Session, 
September  10,  October  23,  and  November  4,  1975.,  U.  S.  Government  Printing  Office, 
Washington,  cC  20402. 


TABLE  1 


ENGINE  CHARACTERISTICS 


IV  r  i  c 
' '  r 
Modi; 


Shur  t  -  t 


Long- Te 


Fan  <  2  I 


III 


Engine 

JT9D-  7 

CF6-6D 

Max  Power  at  Sea  Level  (Drv) 

202.829N 

177,920  N 

Total  Airflow 

696  kg/s 

59)  kg/s 

Overall  Pressure  Ratio 

22.5 

24.4 

By-Pass  Ratio 

5.  1 

5.  72 

No.  ot  Compression  Stages 

Fan 

1 

1 

Low 

3 

1* 

H  i  gh 

11 

lb 

No.  of  Turbine  Stages 

High 

2 

2 

Low 

4 

5 

No  of  Combustion  Stages 

L 

I 

Application 

Boeing  747, 
747SP,  /47SR 

DC-10-10 

*Designated  as  a  Quarter  Stage 


TABLE  2.  -  PERFORMANCE  DETERIORATION 
AVERAGS.  VALUES/STATISTICAL  VARIATIONS 

A  %  CRUISE  SFC 


Period 

.IT9D 

-3A/7/20 

CF6-6D 

Flights 

Avg 

SEE 

Flights 

Avg . 

SEE 

Short- Term 

}. 

0  7 

t0.  3 

1 

0.8 

TO .  6 

Long-Term 

1000 

2  0 

to.  8 

1650 

2.  3 

tl  1 

Long-Term 

3000 

3.0 

tO  8 

2500 

2.4 

tl  .  1 

SEE-Standard  Error  of  Esttn.ite  (Root -Mean- Square  of 
Deviations  About  a  Fitted  Curve) 


FABLE  -  SPECIAL  ENGINE  TEST  RESULTS 
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TABLE  4.  -  JT9D/747  Propulsion 
System  Structural  Analysis 


Steady  State  Results 

Loads 

Engine 

Components 

Af  fected 

X  of  Total 
SFC  Loss 

Nacelle  Aerodynamic 
Inertia 
"G" 

Gyro 

All 

HP  Turbine 
Fan 

67 

8 

5 

Dynamic  Results 

Wind  Gust  Encounters 

No  Significant  Change 
From  Steady  State 

Revenue  Service 
Landing 

25 

220 

is15 
-  ^10 
s  5 

rt  5 

’  nL 


197  3  19  /4  19/5  19/6  19/?  19/8  19/9  1980 
YF  AR 


F'/jrel.  Fuel  tost  history.  U.  s.  Airline  jet  fuel  price 
monthly  averages.  CAB  data 
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C- 76-2293 

Figure  2.  -  The  JT9D  propulsion  package. 


r.- 76-2294 

Figure  3.  -  The  CF6-6  propulsion  package. 
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PRESSURE 


Figure  4  -  CF6  engine  modular  design. 


GENERAL  ELECTRIC 
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NATIONAL  AIRLINES 
UNITED  AIR  LINES 
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PRATT  &  WHITNEY 
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PACIFIC  AIRMOTIVE 


Figure  5,  -  Data  sources. 
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CLEARANCE  INCREASE  s 


Figure  6.  -  Contributors  to  engine  performance  deterioration. 
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I  OR  I C, INAL  RESU1  IS  01 

\SHAPE  ;Y  B1ADI  IIP 
Sj  RUB 

CLEARANCE  INCRIAS'  IHERUAl  DIS'iIRIKA  r-S  7Q- ?(»4 
figure  1.  -  Examples  of  engine  performance  deterioration. 


HPC 


Figure  a  -  jT90-3AE7f 20  performance  deterio¬ 
ration.  Modular  contribution. 


TIME 


Figure  11  -  Hot  rotor  reburst  HPT  clearance. 


Figure  9.  -  CF6-6D  performance  deterioration. 
Modular  contribution. 


•  NACEUi  AERODYNAMIC  LOADS 

•  INERTIA  LOADS 

Figure  1L  -  JT9D  external  applied  loads  and  reactions. 


inlet  reverser.  cowling,  etc 

INCLUDED  IN  ANALYSIS 


Figure  12.  -  JI9D/747  propulsion  system  structural  model. 

INVESTIGATIVE  SEQUENCE 


NASTRAN 

AERO  LOAD 

FLIGHT  TEST 

TEST 

•  ESTABLISH 

•  APPLY  AERO 

•  MEASURE  AERO 

ENGINE  MODEL 

LOADS 

A  INERTIA 

•  PREDICT 

•  MEASURE 

K 

LOADS 

DEFLECTIONS 
&  RESULTING 
PERFORMANCE 
CHANGES 

c> 

CLEARANCE  A 
PERFORMANCE 
CHANGES 

n> 

•  CALCULATE 
DEFLECTIONS 

•  UPDATE 

•  CORRELATE 

MODELS 

TEST  RESULTS 
WITH  NASTRAN 

•  UPDATE 

MODELS 

^FINAL 

1/models 

PERFORM¬ 

ANCE 

DETERIOR¬ 
ATION 
DUE  TO 
FLIGHT 
LOADS 


INSTRUMENTATION 


CLEARANCE  MEASUREMENTS 
o  X-RAY  SYSTEM 

o  LASER  PROXIMITY  PROBES  -  9  STAGES,  9  PER  STAGE  FAN. 

LPC  (9th  STAGE)  HPC  <5.  6.  9.  10,  11  AND  19  STAGES); 
HPT  (1st  STAGE) 

PERFORMANCE  MEASUREMENTS 
0  ALL  STATIONS  Tt.  Pt,  »nd  Ps 
0  Ni ,  N? ,  Fn.  Nf 


ENGINE  CASE  THERMALS 

o  HPC.  DIFFUSER.  HPT.  LPT.  TURBINE  EXHAUST  CASES 
o  900  CASE.  FLANGE.  AIR  CAVITY  THERMOCOUPLES  AND  PRESSURES 

Figure  15.  -  JT9D  aerodynamic  load  test 


INSTRUMENTATION 


ENGINE  ENGINE 

(OUTBOARD)  (INBOARD) 

BOEING 

INLET  (INTERNAL  AND  EXTERNAL)  9S  252 

PRESSURE  PROBES 

ACCELEROMETERS  12  12 

RATE  GYRO  2  2 

PRATT  &  WHITNEY 

EXPANDED  ENGINE  PERFORMANCE  NO  YES 

FAN  CLEARANCE  PROBES  9  9 

HPT  CLEARANCE  PROBES  —  9 

HPT  CASE  TEMPERATURE  T/C  -  20 


Figure  16.  -  JT90  propulsion  system  flight  test 
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Figure  17.  -  SFC  performance  deterioration  trend. 
Typical  engine. 
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DISCUSSION 


M. Mihail.  Bureau  Veritas.  I  r 

In  y  our  lecture  ymi  insisted  on  ( lie  tests  before  installing.  Why  do  you  consider  those  tests  so  important  '  Is  it  a 
matlor  of  instrumentation,  or  what? 

Author's  Reply 

What  we  would  like  to  do  in  this  program  is  to  determine  performance  deterioration  as  the  engine  progresses  through 
its  life  cycle.  We  try  to  get  the  performance  helore  it  was  installed  on  the  wing,  and  as  it  goes  through  its  life  cycle. 


Paul  (  holail.  Air  I  ranee,  hr 

( 1  I  l  o  w  hat  extent  are  the  results  ol  the  tests  on  Cl  (>-b  and  J  l‘t|)  applicable  to  the  C Tb-s()  and  the  J  I  'M  )-7'.' 

(  '  l  What  does  the  author  think  of  the  incidence  o|  the  wear  of  the  Ians'  shrouds  due  to  the  rotation  ol  the  plane 
upon  take-off  on  the  problem  of  the  initial  deterioration  of  performances.1 

Author's  Reply 

(  I  )  flic  paper  presented  included  the  results  of  our  investigation  of  the  JT'J|)-.f  A  '7 ' ’()  engines  I  Pratt  A  Whitney  ). 
Ihe  (leneral  fleet  lie  engine  studied  was  the  Cl  b-(>.  General  I  lectric  has  also  conducted  a  similar  study  on  the 
(  I  b-SO  engine  for  N  ASA.  1  he  results  of  this  study  should  be  available  m  a  report  to  be  published  in  the  next 
few  months.  Preliminary  results  indicate  the  (  T  o -50  performance  deterioration  rallies  are  less  than  Ihe  rallies 
associated  with  the  Cl'<>-tr. 

I  J  l  file  analyses  conducted  by  Pratt  A  Whitney  on  the  J  I  1>I)  and  General  I  lectric  on  the  Cf  b-b  did  not  indicate 
any  significant  fan  deterioration  except  for  air  foil  quality.  The  flight  test  of  the  Boeing  747  research  airplane 
with  four  ( 4 )  laser  proximity  probes  in  both  the  outboard  and  inboard  engines  should  indicate  if  any  rub  strip 
damage  occurs  in  the  fan.  This  data  should  be  available  in  about  b  months.  The  data  will  indicate  in  which 
quadrant  of  the  fan  rub  strip  damage  occurred 


CONCFPT  ION,  DEVLLOPPL  MINI  f  T  CL  RT  IP  I  (A  I  KIN  DU  MU  If.  UK  CF  MV, 


H6si stance  &  1 1  ingest  ion  dev;  corps  fH  rangers 

Monsieur  R..).  API //I 

Ing^nieur 

SNFCMA 

77b  MUI55Y-CKAMAYLL 
F  RANC'I 


SUMMA1RF 

l  'expose*  d^crit  I'approche  th^orique,  corr^l^e  par  des  r^sultats  exp^rimentaux ,  utilised  pour  dimensionner 
les  aubaqes  de  tete  d'une  turbomachine  civile,  dans  le  but  d'aboutir  h  un  moteur  resistant  h  l'inqestion  do 
corps  strangers.  L'objertif  poursuivi  est  double  :  d'une  part  satisfaire  les  rfcglements  de  certification 
internat ionaux  (FAR,  JAR— E" )  et ,  d'autre  part,  const ituer  des  marges  de  tenue  m^canique  confortable  ■;  af in 
de  minimiser  les  routs  de  remise  en  ytat.  done  d'all^qer  les  frais  dp  maintenance  des  compaqrues  utilise- 
tr ices. 

Apr^s  one  brt>ve  description  du  moteur  °s  r^qlements  dp  certification  et  dp  I'approche  thtfonque,  le  reste 
de  1 'exposed  d^crit  abondamment  1' ensemble  des  essais  r£alis£s,  qui  ont  yty  ront inuel  lement  utilises  pour 
affiner  les  resultats  theor iques,  et  qui  ont  about!  a  la  definition  finale  du  moteur  ffMV,. 


I  -  GF  NfcRAl  ITfS 

l.e  moteur  l‘f  MV>  a  yty  etudiy  et  deve loppy  par  la  SNtfMA  en  France  et  GFNI  RA|  tlfCTRIC  aux  USA  qui  ont 
travailiy  ensemble  sous  la  coord inat  ion  de  ffM  IMF  RNAT  KJNAl  .  C'est  une  society  appurtenant  con  jmntement 
a  la  SMTMA  et  a  GF  et  rr^p  pour  la  certification,  la  verite  et  le  support  aprfes-ventp  du  moteur  auprfes  de 
la  clientele. 

le  CFMV,  est  un  moteur  <«  fort  taux  de  flilution  (6),  appartenant  h  la  classe  des  machines  de  20*0(1(1  a 
27*  Mill  livres  de  pouss^e  (92(1(1  n  127(10  daN).  II  est,  de  re  fait  represent  at  if  des;  moteurs  de  taille  moyenrie 
de  la  nouvelle  q^n^rat inn. 

lorsque  ce  projet  a  d^marr^,  au  d£but  des  ann£es  70,  plusieurs  object  its  principaux  ont  yty  fixds  aux 
deux  qroupes  techniques  : 

-  excel lente  fiability  et  maintenabi  1  i t c5 

-  faible  consummation  de  carburnnt 

-  faible  niveau  de  bruit  et  de  pollution 

-  grande  robust esse. 

le  choix  d’une  modularity  iritel  1  igente,  d'un  cycle  thprmndynamique  appropriy,  ajouty  &  un  raffinement 
techno  log ique  tres  poussy  a  penms  d'ohtenir  un  rapport  poussee-masse  yievy,  un  faible  bruit,  one  faible 
pollution  et  une  basso  consummation  specif ique  ainsi  qw'une  maintenabi 1 ity  conforme  aux  dysirs  des  compa- 
qnies  futures  ut 1 1 isatr  ices. 

la  robust  esse  du  moteur  a  fait  l'objet  d'essais  et  de  recherches  intensifs  dans  I'opt  ique  non  seulement 
de  satisfaire  les  exigences  de  cert  1  f lcat ion  main  yqa  lement.  d'ohtenir  une  trf>s  grande  fiability  d'exploita- 
t  ion.  des  faible<>  routs  de  remise  en  ytat  aprys  incident,  airisi  quo  fie  faibles  duryes  d '  immubi  1  isat  lori. 

la  robust  euse  part  icul  lorement  yievee,  dont  doit  fane  preuve  la  part  le  frontale  du  moteur,  pour  rysi**- 
ter  aux  impacts  de  corps  et  rangers,  est  no  des  at  outs  ma  jours  (to  Cf  MV>  dans  In  domnine  de  la  sycurite  des 

VO  1  !.. 


le  partaqc  de  la  respnnsnb  l  1 1 1  e  ent  re  lit  et  ‘»Nf(MA,  dans  le  deve loppement  du  moteur,  a  assigny  h  ret  to 
dermere  snriyty  la  tache  de  dyvelopper  le  corps  basse  press  nut  du  (  FMV>. 

2  -  DF  SCRIP!  HIM  SUMMAIRF  DU  M(1  HUH 

le  nioteur  CF  MV»  est  une  t  urbo-nouf  f  l  ante  dont  le  taux  de  dilution  est  de  f>.  le  rotor  basse  pression  est 
fnrmy  par  un  etaqe  de  soufflante  et  trois  ytaqes  de  compresspur  basse  pression  entralnys  par  one  turbine  a 
A  ytaijes.  le  rotor  haute  pression  possede  9  etages  de  pression  (aver  stators  variables)  ent  rainy:;  par  un 
soul  ytaqe  de  turbine  refroidie  par  air.  Les  deux  rotors  soot  support ys  par  b  pallors,  dont  un  roulement 
d  l  f  fy*i  ent  le  !  .  rippuyys  snr  rleux  structures  (jui  sont  respect  ivement  :  !e  carter  int  ermyd  lai  re ,  support  ant 
5  rou lement s ,  et  le  carter  d'yehappement  fjui  porte  le  roulement  arriyre. 

I  .a  poussyp  du  moteur  er,t  reprise  a  hauteur  du  carter  i  nt  prmyd  la  i  re  et  le  moment  autour  de  l'axe  moteur 
pent  etre  repris  scut  par  I'une  ou  1' autre  des  deux  structures. 

les  aubes  de  la  soufflante  en  titane  ont  f*ty  ytudu'-es  pour  ohtemr,  cotiirne  dit  j»lus  haut  ,  des  hnutes 
performances  et  une  bonne*  marge  au  pompage.  alliyes  ;'i  une  grande  rotmstes.se. 

Cc  difficile  comprnmis  a  yty  at  feint  en  cho  is  issant  une  techno  loqie  part  icul  tyre  <jui  est,  ^  not  re  nin- 
fia i usance ,  adopt  ye  pour  la  premiyre  fois  au  mnnde  sur  un  moteur  civil,  h  savoir  les  talons  extyrieors  ou 
py  r iphy r iques. 

le  carter  intermydiaire,  yqalement  ytudiy  par  la  '*M  I’MA,  ec>t  la  princrpale  structure  du  moteur  gui 
assure  une  rigidity  suffisante  pour  cnnservpr  le  coot  role  tie:;  jeux  rotor/stator  sous  des  charges  y  levies, 
telle:;  gue  .  effort,  de  puussyp,  ('tiarrjes  ayrodynamique. ,  etc'.  Cette  structure,  ainsi  d'allleurs  gue  le 
rotor  BP ,  a  yty  concur  pour  rysister  aux  charges  extremes  dues  h  la  perti  de  2,'>  auhe*;  de  souffiacte  et  on 
a  un  hlriraqe  du  rotor  HP- 


\ 
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le  rompresseur  HI*,  qui  cumporte  4  etaqes  dr  stator  b  geometric*  variable,  est  compost  d’un  rotor  h  tambour 
limit  les  elements  sunt  sondes  entr’eux.  le  carter  du  rompresseur  est  const  itue  do  denu  coquilles,  qui  peuvent 
et  re  demonises  separement ,  afin  de  foci  liter  1* acres  aux  orijanes  internes. 

la  rhambre  de  combust ion  est  tres  court c,  de  forme  annulaire  et  b  injection  b  basse  pression.  Cette 
rhambre,  qui  a  favor ise  la  realisation  d'un  moteur  t  nV>  compact,  a  un  deqre  de  pollution  nettement  mf^rieur 
aux  ruveaux  limitcs  dee,  req lenient  s  en  viqueur.  la  turbine  HP,  5  un  seul  etaqe,  a  les  aubes  mobiles  et  fixes 
ref ro id  ins  par  air.  les  jeux  outre  rotor  et  stator  sont  mai triads  par  des  ecoulementa  d'air  b  temperature 
van  ah  1  e . 

la  turbine  HP.  b  4  etaqes,  romporte  des  disques  sans  ancun  perc;aqe  dans  les  sections  travai  1  lantes  et 
un  carter  monobloc  refroidi  par  tie  l'air  grace  b  des  rampes  cirrulaires,  ce  qui  permet  6galement  de  mai- 
t  riser  les  .jeux  entre  rotor  et  stator. 

Comme  derniere  information,  nous  siqnaluns  que  parmi  les  mo+eurs  b  haut  taux  de  dilution  actuellement 
en  exploitation,  le  CFM‘>6  est  celui  qui  comporte  le  moins  de  pieces,  par  exemple  34?o  de  inoins  que  le  CF6-5Q. 

t  -  RAPPEL  DES  JtGU Ml  NTS  Of  TlRTIf  1CATI0N 

Depuis  le  d^marraqe  du  projet,  ll  avait  616  decide  par  IFM  1 N I F RNATI0NAL  que  les  deux  certificats  de 
t>pr,  am^ricain  et  franqais,  devaient  etre  obtenus. 

Cola  a  about i  b  1* addition  de  deux  rfcqlements  de  certification  :  la  FAR  33  pour  la  FAA  et  le  JAR-E  pour 
la  DGAC  ;  tout  le  proqrnmme  de  d^veloppement  fut  done  congu  pour  satisfaire  les  deux  r&qlements  en  m£me 
temps,  y  rompris  1*  ingestion  des  corps  strangers. 

le  programme  d’ ingest  ion  a  ete  partaqe  en  trois  parties,  qui  etaient  fonction  de  1 'exigence  attach^e  b 
ebacune  d1 el les  : 

1  >  Un  moteur  affects 

.  F  xi gene e  :  pas  de  risque  pour  1' avion,  extinction  du  moteur  admise 

•  Ingest  ion  des  corps  suivants  : 

.  une  aube  de  soufflante 
.  un  oiseau  de  4  lb  (1,8  kg) 

.  une  chape  de  pneumatique 

2)  P lus  d'un  moteur  affects 

•  Exigence  :  le  moteur  doit  etre  capable  de  fournir  une  pouss^e  r^siduelle  egale  b  lb%  de  la  pouss£e 

du  decollage 

•  Ingest  ion  des  corps  suivants  : 

.  sept  oiseaux  moyens  (1,5  lb  =  0,68  kq)  en  moins  d'une  seconde  (le  JAR-E  n’en 
exiqe  que  cinq) 

.  4,8  o?  (136,1  g)  de  gravier 
.  33,2  07  (941,2)  de  sable 

3 '  Plus  d'un  moteur^ affects 

.  Ixiqence  :  aucune  perte  de  puissance 

.  Ingestion  des  corps  suivants  : 

.  2b  grelons  de  2  in  (51mm)  de  diamHre 
.  25  grelons  de  1  in  (25,4  mm)  de  diamfctre 
la  voiee  de  50  gr§lons  en  moins  de  5  secondes 
.  Glace  provenant  de  1 ’entree  :  pas  de  d£givrage  pendant  30  secrodes 
.  Fau  :  4“o  en  masse  du  debit  d’air. 

Ainsi  gu’on  peut  en  juger,  la  quantity  des  corps  strangers  devant  £tre  inq^r^s  etait  tr£s  grande,  b  tel 
point  que  dans  le  pass**,  jamais  aucun  moteur  de  cette  taille  n'en  avait  avaie  autant,  avant  d'obtenir  sa 
c  ert  if ir at  ion . 

Ip  risque  d’  ingest  ion  encouru  par  un  moteur  en  vol  est  neanmoins  t.rfcs  reel  et  ne  peut  @tre  ignore.  C'est 
pour  cette  raison  que  ('EM  INTEKNATIONAI ,  et  la  SNU'MA  en  particulier,  decid£rent  d’etendre  le  programme  d’in- 
gestion  en  >  ajoutant  des  essais  de  super  sever ite,  tels  que  :  1’ ingestion  de  barreaux  de  glace,  de  plusieurs 
oiseaux  de  4  lb,  et  d’autres  corps  strangers. 

I  ’object  if  final  etait  d’apporter  la  preove  d’une  marge  extr&mement  confortable  vis-ci-vis  des  dommages 
orimaires  et  speondaires,  afin  de  faire  non  seulement  la  demonstration  legale  de  la  certification  mais  aussi, 
eri  limitant  lev.  deqat s  aux  pieces  impactees,  d’une  grande  fiabilite,  d'un  faible  cout  de  remise  en  etat, 

'I'unp  immobilisation  r^duite  et.  enfin  d'une  tr£»s  qrande  securite  d'exploitation. 

4  -  APPROTHl  MATHf.MAI  IlJUl 

le  probieme  cnnsistait  b  simuler  numer lquement ,  b  I'aide  du  proqramme  d'analyse  dynamique  tridimensionnel 
non  Impair*  RAM  NIP-0,  I'effet  d'un  impact  d'un  corps  stranger  sur  une  aube  de  compresseur  en  fonct ionnement . 

I  'exampn  dps  exigences  de  cert  if icat ion  &  satisfaire,  ainsi  qu'une  campagne  preiiminaire  de  tirs  d'oi- 
se.iux  sur  ties  secteurs  d'aubes  statigues,  ont  permis  de  determiner  que  le  cas  le  plus  severe  etait  repre¬ 
sent  6  par  I' ingestion  <!*•  1 'oiseau  moyen  tie  1,5  lb  (0,68  kq):  il  y  a  une  exigence  de  "survie”  de  75?o  de  la 
poussfV  du  moteur  ;  de  plus,  pour  de*;  raisons  commercia les  evidentes  CFM  INTERNATIONAL  avait  fixe  un  objec- 
tif  bien  plus  ambitieux  :  pas  de  fragmentation  des  aubes.  F'est  done  pour  ce  cas  particulier  que  l'approche 
mat.f»epiat  lque  a  ete  utilisep. 

Trois  /ones  d' impart  ont  ete  choisies  A  priori  :  le  pied  de  l'aube,  le  milieu  de  la  hauteur  et  le  somme t , 
au  vmsmaqe  du  talon  exterieul-. 


) 
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les  conditions  de  fonct ionnement  du  moteur  lors  de  1' ingestion  sont  d^termin^es  par  la  vitesse  de  d6col- 
laqe  :  le  regime  de  rotation  de  la  soufflante  et  la  vitesse  d' ingestion  maximaux  sont  done  connus. 

res  valours  or  it  iH*4  maintenues  constantes  pendant  toute  la  campagne  d'essais  et  de  calculs. 


Sont  ^qalement  fixers  &  l'avance  :  lea  conditions  aux  limites  de  i'aube  ;  encastr^e  au  piedf  appuy£e 
au  sommet  et  les  caract£rist iques  mgeanigues  de  la  mnti&re  :  limite  dlastique,  allongement  61astique,  coef¬ 
ficient  de  Poisson,  module  £lastique  ou  de  Young. 

les  propri^t^s  plant  iques  de  1  matifcre  ont  ^t.*4  d^duites  d'une  courbe  de  traction  classique. 

Le  programme  de  calcul  permettait  la  prise  en  compte  des  charges  ext£rieures  :  champ  centrifuge,  choc 
de  l'oiseau  et  des  charges  induites  par  les  deformations  (efforts  d'inertie). 

le  calcul  du  comportement  dynamigue  de  I'aube  a  tft*4  fait  par  ^l^ments  de  plaque  mince  dont  le  maillage 
(ou  gisrret isat ion )pst  represent*4  sur  la  planche  1,  pour  le  cas  particulier  d'un  impact  S  mi-hauteur  de  la 
pale.  Nature  1 lement  la  finesse  du  maillaqp  est  augments  dans  la  zone  de  choc  et  est  done  variable  en 
function  de  la  hauteur. 


Planch*  1  _  GEOMETRIE  DE  l  AUBE  ET  MAILLAGE. 
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le  calcul  des  efforts  a  fH*4  r^aJisf4  par  un  programme  manuel  simple  d^crit  ci-dessous  : 

.  erminat inn  de  la  tranche  <*16mentnire  d'oiseau  d#coup^e  par  un  canal  inter-aubes  et  de  son  vecteur 
vitesse  (direction,  intensity) 

.  I  t ah  1 1 ssement  de  la  caracti^r ist igue  de  l'effort  d' impact  en  function  du  temps  par  dtude  du  cheminement 
df*  la  tranche  dans  le  canal  iriter-aubes  'voir  planche  2) 

.  f  ft  effort  est  impart  i  sur  la  surface  projet^e  de  la  tranche  d'oiseau,  au  lieu  de  le  consid^rer  concentre4 
au  centre  de  1' impact ,  comme  certains  auteurs  le  font  lors  des  etudes  pre4 1 iminaires.  L • augmentat ion  de 
I 'effort  due  h  1  *  augment nt ion  d'incidence  resultant  de  la  deformation  du  bord  d'attague  n'a  pas  (He4  consi¬ 
der  ^e. 

.  la  vitesse  de  la  tranche  d'oiseau  est  consider He  const  ante  pendant  la  trajectoire  dans  le  canal. 


Planch*  2  -  VALEUR  OES  EFFORTS  D  IMPACT  REPARTIS  ET  DE  LA  C0RDr  IMPACTEE  EN  FONCTION  DU  TEMPS. 
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Effort  d'impict  nptiu 


.  [  a  determination  de  la  caracttfristique  de  l'effort  est  faite  par  points  dont  le  pas  est  de  T'o  du  temps 
total  mis  par  la  tranche  pour  quitter  l'aube.  A  titre  d’ information,  le  temps  total  de  l'exemple  donn6 
on  planche  2  est  de  0,4*?  ms,  le  temps  pour  atteindre  l’effort  maximum  0,23  ms. 

i  orsque  la  caract£rist ique  des  efforts  en  fonction  du  temps  est  dtablie,  le  programme  PAM  NEP-D  effec- 
tue  le  calcul  par  elements  de  plaque  mince  sur  1 'ensemble  de  la  pale  et  determine  la  d£form£e  globale  h 
des  temps  choisis. 

Connie  dit  plus  haut,  le  calcul  est  fait  dans  le  domaine  £lastoplast ique  ;  chaque  point  nodal  des  ele¬ 
ments  a  h  deqres  de  liberty  :  3  translations  et  3  rotations.  II  est  ainsi  possible  de  connaitre  les  zones 
•t  fortes  rontraintes  part icul i^rement  en  traction  et  flexion. 

De  memp,  un  trace  automatique  des  zones  k  iso  allongement  permet  de  connaitre  les  zones  ou  les  d6chi- 
rures  v/ont  s' ini  tier. 

la  planche  3  montre  le  trace  de  la  deforce  de  l'aube  &  differents  temps  du  ph6nom£ne.  II  y  apparait 
netteme.nt  comment  les  deformations  et  les  ebranlements  s'initient  et  se  propagent  le  long  de  la  pale  : 

.  au  temps  t  =  (Jt2l>  ms  qui  correspond  au  temps  d 'etablissement  de  l'effort  maximum  seule  line  poche 
est  formep  au  point  d' impact 

.  au  temps  t.  =  0,4‘j  ms,  temps  total  d*  impact,  1  ’ ebranlement  se  propage  vers  le  haut  et  vers  le  bas 

.  au  temps  t  =  0,6  ms,  le  sommet  de  l'aube  amorce  une  rotation  autour  de  1 ’ axe  X,  qui  est  encore 

plus  grand  au  temps  t  =  0,76  ms.  Cette  rotation  favorise  naturellement  les  rhevauchements  des  talons 
sup^r leurs. 

Des  les  premiers  calculs,  il  avait  dtftermintf  que,  dans  la  zone  du  pied,  la  limite  de  rupture  du 
mat^naux  n'£tait  jamais  atteinte  (calcul  pied  encastrS). 

Cela  fut.  confirm*4  pendant  la  phase  experimental  ou  aucune  d^chirure,  amorce  de  crique  ou  fragmentation 
n'a  ete  rencontr^e. 

lorsqu’on  aura  pr£eis6  que  le  programme  peut  calculer  les  contraintes  sur  le  profil,  intrados  et 
extrados,  on  aura  une  id£e  globale  de  la  puissance  de  calcul  de  notre  module  math£matique. 

l  a  portae  d'un  tel  outil  est  n<3anmoins  limit^e  si  il  ne  repose  pas  sur  des  bases  exp^rimentales 
statistiques  tr&s  sol  ides.  C'est  pourquoi,  en  parallfele,  une  activity  d’essai  sans  precedent  a  ete  d^cid^e 
par  CfM  INTERNATIONAL  dans  le  cadre  du  programme  de  d£veloppement  du  CEMS6. 

b  -  APPROCHL  EXPER1MENTALE 

b- 1  Objectifs  -  Historique 

L 'activity  experimental  d'ingesfcion  des  corps  strangers  a  ete  definie  et  appliquSe  par  la  SNECMA  au 

Centre  d'Essais  de  Villaroche,  pr&s  de  Paris. 

Deux  objectifs  pnncipaux  etaient  assign^s  k  cette  activity  : 

.  obtenir  des  r^sultats  d'essais  nombreux  et  exploi tables,  lors  des  ingestions  d'oiseaux  moyens,  pour 
alimenter  et  af finer  en  permanence  1 ' approche  analytique. 


Planch#  3  _ 


AUBE  OEFORMEE 


1=  0,25ms  0.45ms  0.60ms  0.76ms 


.  Eftectuer  un  qrand  nombre  d' ingestions  d’autres  corps  strangers  afin  d'dprouver  d'une  fagnn  rdaliste 
les  versions  successives  des  aubes  de  soufflante,  ddfinies  par  le  calcul.  en  vue  d'obtenir  la  certifi¬ 
cation  finale  du  moteur  CEM56.. 

Une  partie  des  essais  de  ddveloppement  a  dte  rdalisde  sur  des  montages  partiels,  au  lieu  d’utiliser 
des  moteurs  complets. 

Les  bancs  d'essais  partiels  utilises  sont  des  fosses  d  vide  qui  ont  l'avantaqe  de  ne  demander  qu'une 
puissance  minime  ainsi  qu'un  personnel  trds  rdduit  pour  leur  mise  en  oeuvre. 

L 'experience  a  montrd  d'ailleurs  que  les  efforts  adrodynamiques,  qui  ne  sont  pas  simulds  dans  le  vide, 
ne  chanqent  en  rien  les  rdsultats  j  ceci  est  dQ  principalement  au  caractdre  trds  rapide  des  phdnomdnes 
dtudids  :  temps  trds  brefs,  energies  considerables. 

La  periode  d'essai  a'est  etendue  sur  4  anodes  (de  1975  4  197B)  ;  environ  35b  aubes  de  soufflante  de 
differentes  versions  ont  ete  ddtruites  (soit  l'equivalent  de  8  aubages);  ainsi  qu'un  compresseur  BP 
complet. 

lous  les  essais  ont  ete  realises  avec  des  poulets  achetds  chez  un  fermier  des  environs  du  centre  d'essais 

I  Is  etaient  nourris  de  bid,  de  mals  et  d'orge  (pas  d'bormones)  et  vivaient  en  libertd  dans  les  champs. 

113  ont  etd  tud8  par  aaphyxie  avec  du  gaz  carbonique  (CD_)  de  fagon  d  conserver  dans  leur  organisme 
toute3  les  matidres,  y  compris  le  sang.  L 

II  est  done  considdrd  que  la  duretd  de  leurs  os  ainsi  que  la  densitd  moyenne  ont  reprdsentd  d'une  ma- 
nidre  rdaliste  les  caractdristiques  des  oiseaux  rdels. 

5-2  Essais  partiels 

Les  ddbuYs  de  1'approche  thdorique  avaient  permis  de  determiner  les  conditions  dans  lesquelles  un  im¬ 
pact  d'oiseau  pouvait  se  produire.  Pour  verifier  les  premidres  conclusions,  un  ensemble  de  tirs, 
sur  des  aubes  de  soufflante  immobiles,  a  dtd  rdalisd  en  reproduisant  les  conditions  d' impact  :  vitesse 
de  choc  relative  d  l’aube,  anqle  d'impact  par  rapport  d  la  corde,  conditions  aux  limites  (pied  et 
talon  extdrieur) . 
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l  'absence  de  champ  centrifuge  etait  evidemment  important!?,  mais  le  but  pnnritaire  etait  d 1  apportor  des 
donnees  exper iroentales  au  caicui  et  de  fai^e  des  provisions  de  tenue  en  f  onct  ionnement . 

tea  essair,  suivants  ont  OtO  realises  : 

.  t>  tirs  d’oiseaux  moyens  (1,S  lb)  5  la  vitesse  simulOe  de  dOcnllnge 

.  7  tirs  de  barreaux  de  glace  (1  x  4  x  6  inch)  £  la  vitesse  simulde  d'aspiration  dans  la  manche 
.  1  tin;  d' oiseaux  lourds  (4  lb)  ii  la  vitesse  simulOe  de  crnisiOre. 


le  programme  de  tirs  sur  soufflante  en  rotation  dans  les  fosses  a  ete  ensuite  mis  en  route,  l.e  calcul, 
dans  le  champ  centrifuge,  avait  prevu  des  fragmentations  sur  la  meme  version  d ' aubes  que  celle  utiljsOc 
pour  les  essais  stat iquea  ;  e'est  ce  qui  a  ete  effect ivement  confirm^,  C'est  alors  qu'une  intense  acti¬ 
vity  d* iteration  a  ete  proqrammOe  entre  le  calcul  et  les  essais  afin  d'aboutir  a  la  configuration  defi¬ 
nitive  de  l'aubaqe  capable  de  resister,  sans  fraqmenter,  1'  ingestion  des  oiseaux  de  ]  ,  '>  lb. 

la  plus  grande  partie  de  la  campagne  d'essai  a  ete  menOe  en  utilisant  uniquoment  1'Otage  d* aubes  de 
soufflante.  car  elles  sont  considOrOes  comme  etnnt  les  pieces  moteur  qui  do i vent  dissiper  toute 
l'(*nerqie  de  1'  impact. 

[Juelques  essais  d' ingest  ion  ont  ete  effectues  en  utilisant  la  soufflante  et  le  compresseur  HP  mais, 
rornme  cel  a  etait  attendu.  le;;  modifications  des  aubages  de  ce  dernier  ont  ete  trfcs  limitees. 

I  'ensemble  de  1' activity  ingestion  en  fosse  a  reoulte  en  un  nombre  impressionnant  de  tirs  de  projectiles 
de  toute:;  tallies  et  sortes  ;  ceci  est  resume  dans  le  tableau  ci-dessous  : 


lype  de  projectile 

Dimensions 

Masse 

lb/kg 

Vitesoe 
d ' ingest  ion 
m/s 

Nombre 

de 

tirs 

Oiseaux  moyens 

1,V0,68 

06collage 

41 

Oiseaux  lourds 

4/1,8 

Crnisifere 

20 

Harroaux  de  glace 

1x4x6  in. 
1x3x16  in. 

Asp l r^s 

7 

1 

Ore Ions 

0 

1  in  et  2  in 

Cromifcre 

7 

Chape  de  pneumatique 

10xl0xUfS  in 
4/1,0 

Aspire 

7 

Aube  de  soufflante 
( t itane) 

2 ,  r>  kq 

liberie  h 
la  vitesse 
maximale 

4 

les  tirs,  eri  particular  reux  d‘ oiseaux  moyens,  ont  balaye  toute  la  hauteur  des  aubes  de  soufflante, 
depuis  le  pied  jusqu'au  nomine t ,  sous  le  talon  Pxterieur. 

les  poulets  utilises  etaient  ernpaguet^s  dans  un  support  en  plastique  de  fagon  &  obtenir  1'effet  d’ in¬ 
gest  ion  le  plus  severe  et  aussi  pour  uniformiser  au  maximum  les  conditions  d'impact. 

Comme  il  a  ete  dit  auparavant .  *r>U  aubes  de  soufflante  ont  etc  uti listen  pour  mener  a  bien  la  campa- 
grie  d’essai. 

II  a  ete  ainsi  possible  de  determiner  gue  les  degradations  resultant  des  impacts  etaipnt  trfes  repro¬ 
ductions  et  d i rect ement  lines  aux  parametres  des  tirs  :  masse  et  vitesse  des  oiseaux,  hauteur  tj' im¬ 
pact,  geometric  des  profile,  d1  aubes,  etc.  ;  les  lois  meramques  ont  pu  ainsi  etre  definies  et  utili- 
sees  rJans  le  modeie  matbemat  ique,  d'tine  fagon  continue. 


le  resultat 


technologigne  final  a  ete  en  definitive  t res  sat isfaisant . 


IK-7 


S  £  ssu  i s  sur  mo t put 

les  essais  sur  mot  pur  romp  let  ont  realises  dans  un  banc  b  riel  ouvert.  qui  a  fH  6  sp^cialement  r  jns- 
truit  au  Cf  Pr  tie  Sari  ay  pn  France,  pour  Ip;;  tirs  cl1  ingest  ion  et.  tip  retention  tie  I'aube  tie  soufflante. 

fomme  consequence  loqiqup  tie  1  * impor ? ante  rampaqne  d1 essais  partiels  dans  les  fosses  b  wide,  les  essais 
sur  moteur  ont  confirm**  que  la  definition  t erhnolotj ique  rhou  ip  pour  le  rnoteur  (XMV>  etait  capable  de 
sat isfaire  m.ilqre  leur  severity,  les  exigence;;  dp  certification  et  cel les  des  futures  Compagnies  utili- 
sat  rices. 

Cest  pour  cette  raison  que  seuls  les  essais  de  certification  ont  ete  effectors  sur  moteur  complet  : 

-  oiseaux  moypns  :  npres  la  volc^e  dp  7  oiseaux.  Ip  moteur  a  retrouve  9H?o  de  sa  pouss£e  mitiale  du 
d^rollaqe  pendant  urip  mint  ?e  ;  puis  one  eridtirance  de  20  minutes  b  79?o  de  la  pouss^e  n  ete  accom¬ 
pli  p  ;  pas  de  rhevauchement  des  talons,  une  aube  leqerement  endommaq^e  au  bord  d'attaque. 

-  l,0  qrelnns  en  une  vol<*e  de  2 ,  *>  secondes  :  pis  de  dommaqe,  pas  de  perte  de  puissance. 

-  oispau  lourd  tlans  Ip  flux  primaire  (done  au  pied  de  I'aube  de  soufflante)  :  pas  de  fragmentation, 
pas  d ' incendie. 

-  perte  d'une  aube  de  soufflante  (ingestion  et  retention  5;imul tar>6es)  :  balourd  16g£rement  sup6neur 
b  celui  d'une  aube,  les  dommages  sur  les  autres  aubes  de  l'etage  ont  £t£  limites  b  des  entail les  et 
des  d<*chirures  locales  ;  pas  df incendie  et  arret  moteur  normal. 

les  certificate;  de  type  F AA  et  DGAC  ont  f*t<*  d^livr^s  a  (TM  INTIKNATIONAL  le  B  Nowembre  1979  a  PARIS. 

b  -  CONCLUSION 

II  apparait  de  ce  qui  pr£r6de  qu'&  CFM  INTfRNAT I0NAL  et  b  la  SNFCMA  en  particulier,  nous  awons  6t6  toujours 
conscients  des  nsques  encourus  par  les  moteurs  modernes  du  fait  de  1' ingestion  de  corps  strangers. 

les  Autorittfs  dr  Certification  ont  aussi  pris  conscience  de  ces  nsques  et  ont  impost  aux  constructeurs  des 
regies  trfcs  s£v£res. 

Nous  avons  done  consider**  qu'il  etait  n£cessaire  de  satisfaire  b  ces  regies,  pour  des  raisons  de  s£curit£ 
des  vols,  et  d'aller  au  del&  pour  satisfaire  les  besoinn  6conomiques  des  Compagnies  exploitantes . 

Les  essais  et  les  etudes  qui  ont  6t£  n£cessaires  pour  atteindre  ces  objectifs  nous  ont  coute  beaucoup 
d’ argent  et  de  temps,  mais  nous  pouvons  maintenant  af firmer  que  le  moteur  CFM56  a  £t£  6tudi6  et  essay6 
sans  aucune  sorte  de  bienveil lance  et  plus  s£vfcrement  qu'aucun  autre  moteur  civil  precedent. 

On  peut  ainsi  constater  que  le  CFM56  a  atteint  son  dernier  objectif  :  la  robustesse,  qui  est  synonyme  de 
s£curite,  de  fiabilite,  de  maintenance  rapide,  de  faible  cout,  de  regularity  d 1  exploitation. 

Le  CFM96  est  maintenant  une  reality  et  il  est  pr@t  pour  une  longue  et  sGre  carrifcre. 
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SUMMARY 

l  In-  V  .  rit  r. ill’ll  \1i-sv|,.u  |  h,iv  nndt  ru*  *f  :«•  *  «*m  iru><  *n-  nhn«iiu-iii  in  it**  .tppln  :<(  i<  *n  !<■  the  Fluii  cngmi-  program  I  In  <  I  *  tail-  "1  (In 
!•••»!  i  v  t  U  ,ii  it  I  i  h»-  i  ■  Hit  iLur:ii  i'»n  i  h*-  i  ngim  nui-t  hr  r  i:;«  *r«  nidv  in.it «  bed  t.  ■  ilrln  i  *erv  i«  e  t>ri»  nii-d  durahiht  v  problem^  tin  .id  <  if  i  hr  I  h|i| 

I  h>  tr»Jiiii:  i  hi  i  >  i  r  r  I :  t  •  r  hr  I .  n  It  >r  •-*  I  t  •  ■  .i  'p««  it  i<  >  1 1  ~  1 1 «  -  -  m«n|r  ■  »r  >*1  n  -pei  itn  package  engineering  <  hniige».  lint  <  rrt.nn 

-•  r\  ..  t  |  Ip  'hi.  Ill-  .  .nmol  hr  ,|I  irtjn.il  *  l\  lift  rt  trtl  I  IS  Ml  I  vv  If  II  tr-t  III;;  Mrt  Imtlii  a  I  ail.dv  t  it  ,il  leardow  n  lll->|»ri  I  imn  <>l  'Lend  I  hr  F<  -ri  «  s«-r\  h  e 

t  t ir : i ,irr  .in  iniegral  part  developing  -aici  rsv|u|  tn.imtrn.itu i  te«  hnn|ur^  in  ni.iti.i^int;  ,i  militurv  engine  |>r< »j* r;tm  as  it  grow-  to  m.iturii  . 

ABSTRACT 

An  .ippp-a;  ft  tti  <  l«’t  i  nt  n&:  thr  \t  t  rli-r.itrtl  Mission  Test  t,\MI  i  program  .i-  .in  integral  pari  ol  thr  overall  engine  <!r\rl<  rpnnnt  prn  i“" 
Ail!  In  1 1 1-«  1 1 — <-«  1 .  TIh'-  im  lndi,,“  not  mils  thr  unti  l  cvcle  derivation  hut  also  thr  turc'sirs  revisions  to  thr  AM  I  cycles  in  order  In  more 
tti'ir.iitlv  predict  .iiitl  detect  certain  failure  modes 

I  hr  v.ilnlilv  mI  thr  test  results  must  also  hr  established.  A  comparison  >*l  AMT  engine  hardware.  and  nprratinnal  engine  hardware 
having  rtpm.ilrnt  cv«  lit  hMorv.  is  usrd  t«>r  this  purpose  As  an  illustration  ot  the  benefits  of  AM  I’  engine  testing,  data  mi  several  ga> 
turbine  engines  are  presented.  Also  im  luded  in  the  discussion  are  the  various  tvpes  nl  failure  modes  that  are  currently  nut  detectable  in  the 
AM T  tvpe  program. 

DISCUSSION 

Muring  the  typical  development  phases  «»!'  a  military  engine  the  configuration  is  evolving  to  meet  performance  and  operability 
objectives.  The  statistical  base  is  small  and  uncertainties  as  to  how  the  engine  will  be  used  in  service  exist.  With  initial  production  there  is  a 
transition  to  hard  tooling  and  the  beginning  of  a  statistical  base.  As  the  squadron  becomes  operational,  engine  usage  evolves  with  tactics, 
interlace  characteristics  with  the  aircraft:  and  the  maintenance  shop  tooling  and  manuals  are  better  defined.  The  overhaul  cvcle  introduces 
repairs,  and  worn  parts  bring  new  resonances  into  the  running  range.  The  now  large  statistical  base  allows  the  improbable  combination  of 
events  to  occur. 

Ka<  It  o|  the  above  phases  of  an  engine's  life  drives  specific  types  ot  durability  problems.  High  cycle  fatigue  and  stress  rupture  modes 
t v picallv  can  be  detected  earlv  in  the  development  phases.  The  hot  section  must  Ik*  tuned  to  the  evolving  usage  of  the  engine  in  service. 
Infant  low  <  vde  tatigue  modes  and  wear  associated  with  variable  geometry  occur  as  the  lead  engines  approach  their  first  trip  to  depot.  Wear 
oriented  modes,  low  cycle  fatigue  and  the  statistically  remote  problems  typically  occur  as  the  engine  maintenance  characteristics  approach 
their  -teadv  state  value 

\«  i  derated  mission  testing  can  lie  used  to  detect  many  of  the  early  service  oriented  durability  problems  in  advance  ol  the  field,  but 
till"  Icdmiipie  must  be  expanded  to  include  “Lead  the  Force”  field  engines  and  data  from  the  depot  if  the  high  time  events  are  to  be 
(oiitrollcd  with  a  practical,  cost  effective  maintenance  concept  tailored  to  the  engine's  specific  durability  characteristics. 

DEVELOPING  ACCELERATED  MISSION  TEST  CYCLES 

The  tirst  ingredient  in  deriving  a  mission  test  evde  is  to  ensure  that  it  contains  all  the  damaging  events  in  service  that  drive  the 
particular  taiiure  modes  to  be  detected.  'Those  relatively  nondamaging  events  are  dropped  out,  providing  the  acceleration  factor 

AVERAGE  SORTIE  AMT  CYCLE 


Idle 


0 


0  20  40 

Time  -  min 


I'll.-  AM  T  ,\i  lr  i-.  obviously  imlv  as  good  as  the  (juanhtnation  <»1  ihe  "average  sortie*’  in  service  This  sli  p  is  described  m  more  <h-i.nl 
in  i hi-  rclcrcim-s  (ml  involves  pilot  interviews  and  tin-  automatic  recording  n|  engine  parameters  out  a  slatM  icallv  signifieanl  number  ol 
-orties  at  rath  operational  hast-  In  practice  it  laki-s  more  than  nm-  AMT  rvi  le  to  simulate  adequately  I  In-  sortie  mix  ol  a  typical  niilifarv 
engine 

I'll*-  nlh-  turn-  at  the  i-ml  « >t  I  lit*  AMT  cvcle  must  he  sullinent  to  oml  ihe  disk  Imres  to  simulate  an  overnight  shutdown  Thi  engine  is 
then  [  mi  ll.-ti  to  nit  oil.  and  nioiored  to  rool  tin-  flow  path  down  to  ainhient  ensuring  l  lie  «  old  engine  lull  thermal  strain  ratine  on  restart 

A  lacditv  will  ha\e  to  he  used  to  simulate  inlet  pressure  and  temperature  it  ihe  flight  points  m  the  average  sortie  are  -igniln  anl  k 
ctillerent  in  ta»  lurhme  inlet  temperature,  or  ihi  engine  inlet  temperature  pressure  than  ran  he  simulated  in  an  ainhient  test  -land  Hut  the 
test  he* -nines  most  complex  as  the  airflow  transients  ot  modern  mditarv  i-niiiiu-  are  a  good  deal  taster  than  most  U«dilies  *  an  handle  It  i- 
these  verv  transients  that  drive  the  thermal  fatigue  problems  that  the  AMT  approach  is  Irving  In  dele*  l 

Ihe  acceleration  rates  tmm  idle  In  in  ilii  ar\  power  and  above  drive  the  I  hernial  gradients  on  ihe  cooled  parts  m  i  lie  turbine  I  n  m-ure 
a  damage  rate  eoinparahle  to  the  tiehl.  not  oidv  t  he  i  mm  her  ol  t  hese  full  I  limti  le  t  raiisienls  hut  the  a<  *  elerat  ton  rate  iium  he  mat*  her  I  to 
-«  i\i*e  usage  The  hold  times  at  idle  establish  the  bore- to  rim  thermal  gradients  that  alter!  |.(T  hie  ol  the  hot  disk'  in  the  engine,  and  this 
also  must  he  \an-tulK  pall  erne*  I  alter  the  held. 

It  the  purpose  ol  a  particular  AM  I  is  nnl\  to  determine  the  hot  section  characteristics  of  a  particular  configuration  or  usage,  the  idle 
hon  •ooMown  and  the  longer  idle  dwells  *an  he  dropped  from  the  test  as  well  as  replacing  the  augmented  time  with  militarv  power  As  a 
cooled  turbine  \.me  maximum  thermal  gradient  usually  occurs  above  idle,  even  tin-  shutdown  and  motor  to  cool  o<  the  starters  can  he 
t  limm. tied  in  the  event  a  given  vane  configuration  (only!  is  to  lie  evaluated. 

Mihough  the  above  tlexihihlv  ran  sometimes  he  iiselul.  tin-  majority  oi  tin-  AM  T  engines  will  have  a  broader  objective  involving  both 
K mam*  ring  f 'hange  substantiation  and  the  driving  ot  prune  rehalile  parts  out  to  high  time  for  detecting  service  problems. 

\  Iasi  ingredient  is  to  purpose) t ill v  unbalance  the  rotors  to  the  held  limit  and  intersperse  rptn  stairstep  cycles  throughout  the  testing. 
I  In  unbalume  a*  is  like  a  hammer  on  minor  resonances  in  ihe  static  parts  of  the  engine  to  accelerate  any  normal  wear  that  might  occur 
..v*o  a  longer  tunc  hi  the  field  A  tinal  stairstep  cycle  at  2000  hr  accumulates  10‘  cycles  IdK  on  low  rot  or  I  such  that  if  wear  has  allowed  a 
m.iiof  r«  s,.nauii  to  enter  the  running  range  the  HCF  cracks  can  he  delected  on  leardown. 

l  inallv  III*-  AM  I  engine  must  he  run  tar  enough  ahead  of  the  field  to  cnmpletelv  traverse  the  probable  lailure  inode  distributions. 


AMT  engines  must  penetrate  deeply  into  the  failure  distribution  to  catch  the 
1/1000  failures  modes  before  the  top  10%  fleet  gets  there 


With  it s  larger  statistical  base  the  service  engines  will  encounter  the  distress  as  they  penetrate  the  leading  edge  ot  these  failure 
distributions.  Two  AMT  engines  must  he  run  to  lo.tHHl  cycles  each  to  confidently  clear  the  field  for  any  chronic  distress  modes  up  to  moo 
*  v.  It- 


Cycles  (Problems  Lurking  at) 


CORRELATING  AMT  DURABILITY  CHARACTERISTICS  WITH  THE  FIELD 


The  Weilmll  aiuk-is  is  -i  -lati-lit  al  l«*f  luinpie  using  a  tew  incident-  and  an  existing  populat  mn  of  siuh-sm-s  In  predict  tin-  shape  and 
locution  of  an  upcoming  lailurr  dtsiriluM mil  Hearing  niannta*  l urcr-  haw-  long  used  tins  techiiKpie  1  c> ' f »r< r jt*<l  t h*-  life  lor  a  I0‘,  failure  rate 
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If  data  Irom  two  *»r  more  different  failure  inodes  are  plnlted  together  the  result 
<  harm  ten-t  h  -  «  an  he  compared  to  f  ield  data  as  it  liecoines  available. 


is  nonlinear.  In  this  manner  AMT  durability 
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|  \ pn  alk  AMT  hot  h  i  lion  distress,  mtant  l.t’K.  and  variable  geometry  wear  data  correlate  with  statistical  significance  against  the 
-*m  i  e  experience  Those  wear  modes  driven  synthetically  by  mihalanced  rotors  on  the  AMT  yield  data  displaced  to  the  left  I  lower  life  than 
the  la  id  i  fonxersrk  the  exhaust  nozzle  wear  inodes  influenced  hv  the  aircraft’s  flow  field  loads  appear  at  lower  hours  in  the  field  data. 
>ii >me  <>f  i he-.*-  mode-  ihtiffetmg.  axisv  mtnel  rical  loads)  never  appear  on  AMT  engines.  <  learbox  wear  modes  cannot  he  confidently  detected 
during  AMT  even  though  the  hor-ej»ower  extraction  tor  aircraft  accessories  is  simulated.  Some,  hut  not  all  of  the  control  malfunctions  can 
In  detected  hv  running  AM  IS  with  the  hot  luel  ramps  that  occur  m  (light. 

HIGH  TIME  DISTRESS  MODES 

A-  the  higher  tune  -ervne  engine'*  wear  and  are  repaired  and  refurbished  through  the  depo»,  the  classic  tar  side  of  the  hathtuh  curve  is 
tv.u  lied 

I  he  i  li.ir.it  ter  4 >1  tin-  engine  itsell  begins  to  change  (’onlinning  In  mn  AMT  engines  out  in  cycles  and  maintaining  those  engines  m  a 
development  -hop  loses  its  «  redlhllltv 


\ 


PM 


Distress 

Modes 


I \\ •  *  >;u  In*-  h;i\r  been  f <i k«'t i  lo  attempt  to  penetrate  this  region  realistically.  A  high  lime  "Lend  the  Knrn"  engine  vs ;i"  lir* *i mhi 

ttn.m^li  «l,  |,..!  t*.r  r*-l 1 1 rl ami  documented  extmsivelv.  Ii  raim-  m  to  run  as  an  AMT  lor  a  second  maintenance  interval.  returning  in 
nv>'  month'*  to  •  t«-|  >«  >i  having  been  .irl  iliriallv  "ant'd”  live  years.  A  second  analytical  docnmcntat  ion  took  plate  before  I  fie  engine  returned  !«• 
-i  r\|i<  ,i'  ,1  -Mper''  leatf  I  lie  fort  e  engine 

A  m«  * oit)  .ippinui  Ii  \\a"  to  take  aiiotlier  high  time  service  engine  into  the  program  for  repair  substantiation  This  engine  is  run  on 
in i  - » ion  i  v»  It  s  dupluafmg  lilt  <  ruise  and  idle  time  as  well  as  typical  sorties  in  the  field.  Although  this  engine  does  not  move  out  a>  fast 
o  ■■nr  AMT  engines,  ii  Mill  ages  tar  taster  than  does  (tie  field.  As  each  module  comes  up  on  its  next  maintenance  interval  it  is  sent  to  depot 
!  ■!  i he  \uii k .  pit  king  up  neu  repairs  as  well  as  the  necessary  inspections  and  refurbishments.  In  this  fashion,  the  engine  can  approximate 
I  f bt  i  bar ai  ferisfn  s  . the  natural  aging  process  that  will  occur  later  it)  the  service  engine.  This  approach  also  develops  the  depot  manuals. 

SUMMARY 

]  l>«n\.ilion  o|  the  details  o|  the  AMT  test  cvcles  must  he  done  rigorously  and  updated  as  service  engine  usage  evokes. 

*  eii. un  mipoM.mi  lailurt  modes  lamiot  be  addressed  adeipiatelv  in  art  tierated  mission  testing  Ibis  becomes  more  t  ritual  as  the 
o  r  \  n  ••  engines  age 

I  th<l  <hn  .ihiiit  \  nilorination  can  stiJJ  be  raptured  h\  applving  AMT  techniques  to  high  time  serviee  engines. 
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DISCUSSION 


J. Fresco,  Turbomcca.  Jr 

1 1  )  How  long  docs  the  AMT  cycle  last  at  maximum  power? 

( 2)  About  flic  counter:  What  arc  the  threshold  in  power  or  spur  with  regard  to  idle  and  maximum? 

Author's  Reply 

( 1 )  Typical  AMT  matched  to  115  aircraft  usage  accumulates  40  hours  time  at  maximum  augmentation  in  a  1,000 
Tnginc  blight  Hour  test.  The  FI  6  version  ol  this  test  would  accumulate  about  half  this  exposure. 

(2)  The  gates  in  the  counter  are  just  above  idle,  just  below  military  power.  Gas  generator  turbine  temperature  is 
held  at  military  setting  as  power  is  increased  into  augmentation  to  maximum  power.  Thus  these  gates  miss  the 
smaller  transients  of  the  throttle  .  ...  n  compromise  to  allow  the  practical  recording  of  this  data  into  the 
scheduled  maintenance  of  this  engine. 
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SUMMARY 


The  paper  describes  the  free-jet  test  facilities  available  at  NOTE  for  testing  complete  aircraft 
propulsion  systems,  that  is  the  air  intake,  engine  and  exhaust  system,  at  conditions  reproducing  those 
encountered  during  flight  at  altitude.  Supersonic  and  subsonic  flight  conditions  can  be  simulated,  both 
steady  state  and  transient,  the  latter  asp<  C  including  the  effects  of  t ime-var iant  changes  in  aircraft 
flight  speed,  attitude  and  engine  power. 

The  scope  of  free-jet  testing  is  reviewed  and  compared  with  what  can  be  achieved  using  direct- 
connect  facilities. 

The  paper  concludes  with  a  description  of  subsonic  free-jet  tests  made  under  the  extreme  conditions 
encountered  in  an  icing  cloud  to  determine  the  effectiveness  of  intake  and  engine  anti-icing  equipment  and 
the  ability  of  the  powerplant  to  operate  satisfactorily  following  the  shedding  of  ice  that  may  have 
accreted  on  the  inlet  duct  surfaces. 

1.  INTRODUCTION 

The  three  main  elements  of  a  jet  aircraft  propulsion  system  -  the  intake,  the  engine  and  the  pro¬ 
pelling  nozzle  -  interact  closely  with  each  other  so  that  the  overall  behaviour  of  the  system  can  only  be 
assessed  when  all  the  interacting  elements  are  present.  This  is  especially  so  in  the  case  of  supersonic 
powerplants  where  correct  matching  of  the  intake,  engine  and  nozzle  is  vital  for  reliable  operation  and 
optimum  performance. 

Free-jet  testing  enables  intake/engine  interactions  and  compatibility  to  be  studied  over  a  range  of 
conditions  including  flight  speed,  altitude  and  engine  speed.  The  effects  of  aircraft  manoeuvre  transients 
can  also  be  examined.  Methods  have  been  developed  at  NGTE  to  enable  tests  to  be  made  at  subsonic,  transonic 
or  supersonic  flight  conditions  and  various  aerodynamic  techniques  such  as  spill  air  diffusion,  transonic 
free-jet  testing  using  slotted  blowing  nozzles  and  airframe  boundary  layer  simulation  have  been  developed 
to  extend  test  plant  capacity  and  make  the  test  representative  of  free  flight. 

A  specialized  form  of  free-jet  test  which  has  assumed  considerable  importance  in  recent  years  is  the 
full-scale  icing  test  undertaken  to  examine  the  performance  of  intake  icing  protection  systems.  Tests  have 
been  made  on  supersonic  powerplants  to  complement  conventional  icing  tests  on  isolated  engines  using 
connected  test  facilities  and  on  helicopters  to  examine  the  likelihood  of  ice  shed  from  the  fuselage  being 
ingested  by  the  engine.  These  techniques  are  described  in  References  1  and  2. 

The  NGTE  Engine  Test  Facility,  shown  in  Figure  1,  has  five  altitude  test  cells,  three  of  which  are 
normally  used  for  free-jet  testing.  Together  they  have  covered  an  extremely  wide  spectrum  of  tests,  from 
low  altitude  subsonic  tests  on  a  small  pulsejet  through  transonic  launch  tests  of  a  ramjet  missile  engine 
to  high  altitude  supersonic  tests  of  the  Concorde  powerplant.  These  latter  tests  are  described  in 
References  3  and  4. 

2.  FREE-JET  AND  CONNECTED  TESTING 

The  test  arrangements  for  these  two  basic  types  of  test  are  shown  in  Figure  2.  Each  type  enables  a 
different  aspect  of  powerplant  performance  to  be  studied.  The  free-jet  test  enables  intake/engine  inter¬ 
actions  to  be  explored  whereas  in  a  connected  test  the  performance  of  the  basic  engine  and  its  exhaust 
system  is  under  examination.  A  comparison  of  the  test  capabilities  of  free-jet  and  connected  facilities  is 
given  in  Table  I. 


tabu:  i 


CAPABILITIES  OF  FREE-.IKT  AND  CONNKCTKD  TFST  FACILITIES 


Type  of  test 

Ability  t o  t  est 

Free-jet 

Connected 

1.  Engine  steady  state  performance 

l.imi  t  ed 

Yes 

2.  Engine  transient  performance 
(handl ing) 

Ye.s 

Yes 

With  limited  simulation 
of  inlet  flow  distortion 

l.  Intake/engine  compatibility 

Yes 

Not  applicable 

•■* .  Definition  of  intake  control  laws 

i  . .  . .  _ 

Yes 

Not  app 1 i cabl e 

>.  Interaction  between  intake  and  engine 
controls  during  flight  transients 

_  - 

Yes 

Not  applicable 

b.  Examination  of  off-design  and  failure 
cases  (Mach  overspeed,  cold  day, 
yaw,  etc) 

Yes 

Yes 

Basic  engine  only 

7.  Examination  of  engine  light-up 

sequence  during  launch  (missiles) 

Yes 

Yes 

Limited  tests  on  basic- 
engine 

Icing  tests 

Yes 

Yes 

Basic  engine  only 

Evaluation  of  engine  steady  state  performance  requires  very  precise  measurements  of  engine  airflow 
and  thrust  and  such  tests  are  made  using  connected  rather  than  free-jet  facilities.  Connected  tests  are 
normally  made  with  the  cell  set  to  the  correct  altitude  pressure  so  that  the  pressure  ratio  across  the 
engine  propelling  nozzle  is  exactly  simulated.  These  considerations  need  not  apply  to  free-jet  tests  and 
normal  practice  is  to  run  with  the  cell  pressure  greater  than  that  correspond i -c,  to  the  test  altitude. 

This  reduces  the  power  required  to  extract  the  exhaust  from  the  cell  without  influencing  the  internal  gas 

dynamics  of  the  engine,  provided  the  propelling  nozzle  is  "well  choked".  This  method  of  operation  requires 

the  achievement  of  a  good  spill  diffuser  pressure  recovery,  an  aspect  which  is  discussed  in  Section  5.2. 

Three  further  points  concerning  testing  technique  are  worth  noting: 

a.  It  is  necessary  to  run  all  engine  tests,  whether  connected  or  free-jet,  at  the  correct 

free  flight  air  total  temperature.  This  is  to  ensure  that  the  engine  operates  at  its  correct 

non-dimensional  speed  and  that  the  intake/engine  matching  is  correct. 

b.  Free-jet  tests  have  to  be  run  using  dry  air  to  avoid  condensation  effects  which 
degrade  the  flow  quality  in  the  jet. 

c.  The  size  of  the  free-jet  is  seldom  large  enough  to  allow  extensive  representation  of 
parts  of  the  aircraft  structure  adjacent  to  the  air  intake,  but  some  simulation  is  usually 
possible  with  flat  plates. 

1.  SCUFF  OF  FREE-JET  TESTS 

Free-jet  tests  can  be  run  with  either  a  dummy  engine  (ie  plug  nozzle)  or  a  real  engine  installed 
behind  the  intake  to  investigate  such  factors  as: 

a.  Intake  pressure  recovery  and  engine  face  pressure  distortion  (both  steady  state  and 
time-variant).  Tests  can  be  at  full-scale  and  are  often  made  at  full-scale  Reynolds  number. 

b.  The  management  of  variable  geometry  intakes  in  terms  of  variables  such  as  ramp  angle, 
dump  door  angle,  blee-'  flow,  etc  to  establish  intake  control  laws  which  will  ensure  acceptable 
engine  face  pressure  distortion. 

c.  The  effectiveness  of  intake  anti-icing  systems  for  both  supersonic  and  subsonic  power- 
plants,  ini  hiding  those  used  in  helicopters. 

d.  The  suitability  of  the  intake  control  laws  with  an  engine  running  behind  the  intake. 
These  can  be  assessed  in  terms  of  surge-free  engine  operation  over  a  range  of  Mach  No,  pitch 
angle  and  yaw  angle.  By  operating  the  engine  off  its  normal  control  line  the  extent  of  the 
surge  margin  can  be  determined. 

e.  The  combined  effect  on  the  engine  surge  characteristic  of  intake  distortion  and  power 
off-take  from  multi-spool  turbojets  and  turbofans. 
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t.  Mu*  .ipft.it  ior  and  eflertiveness  of  the  fuel  control  system  miring  the  launch  and 

light-up  phase  of  ramjet  and  turbojet  engines  for  missiles. 

INSCRIPTION  OF  FRFF-JFT  TKST  FAC  II.  IT  IKS  AT  NCTK 

4. 1  Cell  1 

Cell  1,  which  first  ran  ia  1957,  was  designed  tor  supersonic  free-jet  tests  of  ramjet  engines. 

Fixed  circular  blowing  nozzles  are  employed  to  cover  a  Mach  number  range  from  1.8  to  3.6  and  these  are 
used  in  conjunction  with  an  axi symmetric  spill  diffuser  system.  A  selection  of  slotted  blowing  nozzles  is 
also  available  for  transonic  tests.  The  blowing  nozzle  is  mounted  in  a  mechanism  which  allows  the  nozzle 
angle  to  he  altered  while  the  test  is  in  progress  between  0°  and  +25°  in  the  pitch  plane.  The  test 
envelope  of  Cell  l  when  used  in  the  high  supersonic  mode  is  shown  in  Figure  3,  from  which  it  will  be  seen 
that  the  correct  air  inlet  temperature  can  be  achieved  only  up  to  Mach  2.45  since  the  capacity  of  the  air 
heater  is  limited.  This  cell  can  also  be  used  for  subsonic  free-jet  tests  of  small  powerplants,  but  the 
test  envelope  in  this  mode  of  operation  is  rather  limited  since  Cell  1  has  no  cold  air  supply.  Two 
typical  Cell  1  installations  are  shown  in  Figures  4A  and  4B. 

4 . 2  Cell  3  West 

Cell  3  West,  which  became  operational  in  1969,  was  designed  for  connected  tests  of  large  fan  engines, 

and  as  such  is  capable  of  passing  airflows  up  to  550  kg/s.  It  was  soon  appreciated  that  the  large  airflow 

combined  with  the  low  inlet  temperature  capability  made  the  cell  ideal  for  free-jet  icing  tests  of  large 
installations.  The  cell  has  been  used  extensively  for  icing  tests  on  the  Concorde  and  Tornado  powerplants 
(Reference  2)  and  for  forward  fuselage  and  air  intake  icing  tests  on  Sea  King  and  Lynx  helicopters 
(Reference  5).  When  used  as  a  free-jet  test  cell  the  blowing  nozzle  is  fixed,  but  a  limited  range  of  pitch 
and  yaw  can  be  achieved  by  altering  the  attitude  of  the  test  installation.  Some  typical  Cell  3  West  icing 
installations  are  shown  in  Figures  5A  and  5B.  A  description  of  the  Cell  is  given  in  Reference  6. 

4.3  Cell  4 

Cell  4  was  designed  specifically  as  a  supersonic  free-jet  cell  capable  of  testing  medium-sized 
powerplants  at  high  altitude  conditions  over  a  Mach  number  range  from  1.5  to  3.5.  It  was  later  'stretched' 
to  test  the  Concorde  powerplant  over  a  more  limited  range  of  conditions,  and  still  later  adapted  for  sub¬ 
sonic  free-jet  testing,  although  the  latter  capability  is  at  present  limited  as  no  cold  air  supply  is 
available.  In  its  supersonic  mode  of  operation  the  cell  employs  a  variable  Mach  number  blowing  nozzle,  a 
variable  geometry  rectangular  spill  diffuser  system,  and  a  capability  to  tilt  the  blowing  nozzle  in  both 
pitch  and  yaw  at  rates  of  up  to  about  8  degrees  per  second.  Figure  6  shows  Cell  4  as  used  for  supersonic 
free-jet  tests  of  the  Concorde  powerplant,  while  Figure  7  shows  the  test  envelope  of  the  cell  for  the  two 
supersonic  blowing  nozzles  currently  available. 

Cell  4  has  also  been  used  tor  supersonic  free-jet  tests  of  the  Tornado  powerplant  and  for  subsonic 
tests  of  the  Jaguar,  Tornado  and  missile  powerplants.  Two  typical  Cell  4  installations  are  shown  in 
Figures  8A  and  8B,  while  a  full  description  of  the  Cell  is  given  in  Reference  7. 

The  leading  particulars  of  the  three  cells  are  shown  in  Table  II. 

TABLE  II 


Ce  1  i 

Free  jet 
size 

dia  (tn)  or  area  (m  ) 

Type  of 
nozzle 

Air  supply 
temp 

■ 

Supersonic 

0°  to  +25° 

0.4  and  0.6 

Fixed 

1.8  t  o  3.6 

in  pitch 

dia 

circular 

Min  t  emp , 

ambient 

1 

1.6  3 

Tr ansonic 

” 

0.43  and  0.66 

circular 

to  1.8 

<lia 

slotted 

Max  temp. 

2 10°C 

Subsonic 

0°  to  +19° 

made  to  suit 

convergent 

3W 

Subsonii 

Nozzle  f i xed . 

convergent 

Cold  air 

7 . 6 

can  be  til  ted 

dia 

to  -37°C 

approx  5° 

Max  temp, 

ambient 

Supersonic 

-10°  in  pitch 

1 .  1  area 

|  1  .  5  to  i.  5 

and  yaw 

Min  temp, 

ambient 

4 

9.1 

1.75  to  2.3 

2 . 3  area 

variable  M 

Max  temp. 

4  70°C 

_ 

Subson i c 

" 

up  to  about 

1.7  area 

convergent 

1 
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5.  SOME  FREE- JET  TEST  TECHNIQUES 

5. 1  Blowing  nozzles 

For  subsonic  tests  the  blowing  nozzle  is  usually  made  of  sheet  metal  with  external  stiffening  where 
necessary,  and  may  be  either  circular  or  rectangular  in  cjoss  section.  For  nozzles  coupled  directly  to  an 
air  supply  duct  a  gentle  straight  taper  is  employed,  while  f<T*  a  nozzle  fed  from  a  plenum  chamber  a  circular 
arc  contraction  foPowed  by  a  parallel  section  has  been  used.  An  example  of  the  latter  type  tan  he  seen  in 
Figure  8B. 


The  axi syramet r ic  supersonic  nozzles  used  in  Cell  1  are  of  heavy  cast  iron  construction  with  an 
accurately  profile-machined  bore. 

The  transonic  slotted  blowing  nozzle  (developed  in  Britain  initially  by  Bristol  Siddeley  Engines  Ltd 
for  ramjet  testing)  is  a  device  for  producing  a  uniform  parallel  jet  at  subsonic,  transonic  and  low  super¬ 
sonic  Mach  numbers  without  the  complexity  of  variable  geometry.  It  is  particularly  useful  for  simulating 
transient  conditions  such  as  the  rocket  boost  phase  of  a  ramjet  powered  missile  where  the  flight  speed 
changes  from  subsonic  to  supersonic  over  a  relatively  short  time  span. 

The  nozzle  consists  of  a  conventional  convergent  section  where  the  airflow  is  accelerated  to  unity 
Mach  number  followed  by  a  parallel  section  in  the  walls  of  which  are  cut  longitudinal  tapered  slots  having 
an  increasing  width  towards  the  exit  end  of  the  nozzle.  If  a  pressure  ratio  in  excess  of  the  critical  value 
is  applied  across  such  a  nozzle,  the  static  pressure  in  the  flow  downstream  of  the  convergent  section  is 
higher  than  the  ambient  pressure  to  which  the  nozzle  is  discharging  and  air  is  progressively  spilled  through 
the  slots  so  that,  with  a  correctly  proportioned  nozzle,  the  static  pressure  in  the  flow  falls  to  the  ambient 
pressure  at  the  nozzle  exit.  A  slotted  nozzle  of  the  type  used  in  Cell  1  is  shown  in  Figure  9.  The  slotted 
nozzle  is  extravagant  in  airflow  demand  and  at  M  =  1.8  about  30  per  cent  of  the  flow  escapes  through  the 
slots.  In  addition  it  is  not  practicable  to  use  a  spill  diffuser  system  with  such  a  nozzle.  Both  plant 
compressor  and  exhauster  power  requirements  are  therefore  high.  Current  slotted  nozzle  designs  are  limited 
to  a  maximum  Mach  number  of  about  1.8.  The  variation  of  Mach  number  across  the  central  80  per  cent  of  the 
jet  diameter  for  a  typicil  slotted  nozzle  is  shown  in  Figure  10. 

Two  variable  Mach  number  supersonic  blowing  nozzles  are  available  for  Cell  4  with  exit  areas  of  l.ltn2 
and  2.3mJ.  They  are  of  rectangular  cross  section  with  fixed  exit  area  and  variable  throat.  The  vertical 
side  walls  of  the  nozzle  are  parallel  and  between  them  the  flexible  top  and  bottom  walls  move,  deflected  by 
movement  of  the  throat  blocks.  The  throat  blocks  pivot  about  a  point  such  that  the  divergent  section  of  the 
nozzle  adopts  a  curvature  which  approximates  closely  to  that  required  to  give  a  parallel  shock-free  jet  at 
the  exit.  The  l.*lm*  is  constructed  in  stainless  steel  to  withstand  the  high  inlet  air  temperature  corres¬ 
ponding  to  Mach  3.5  conditions  (470°C)  and  weighs  some  38.5  tonnes  exclusive  of  its  supporting  carriage. 
Figure  11  shows  the  eptry  of  the  2.3m2  nozzle  as  viewed  from  the  cell  plenum  chamber.  To  keep  the  nozzle  to 
a  reasonable  length  and  weight,  bearing  in  mind  that  it  has  to  be  pitched  and  yawed  at  high  angular  rates 

(up  to  8  degrees/s),  it  is  accepted  that  the  quality  of  the  flow  in  terms  of  Mach  number  uniformity  will  not 

be  as  good  as  that  achieved  in  a  conventional  wind  tunnel.  The  variation  of  Mach  number  in  the  jet  produced 

by  the  1.1m2  nozzle  is  shown  in  Figure  12.  It  will  be  seen  that  for  Mach  numbers  in  the  range  1.8  to  3.0 

the  variation  is  less  than  ^0.02.  As  the  Mach  number  is  increased  above  3.0  the  flow  quality  deteriorates 
due  it  is  thought  to  the  wall  profiles  departing  from  the  required  shapes. 

5.2  Supersonic  spill  diffuser  systems 

To  develop  a  parallel  shock-free  jet  the  isentropic  pressure  ratio  corresponding  to  the  recuired  Mach 
number  must  be  applied  across  the  blowing  nozzle.  This  pressure  ratio  increases  rapidly  with  Mach  number 
and  at  Mach  3.5  reaches  a  value  of  76.3.  If,  however,  some  of  the  kinetic  energy  in  the  air  which  passes 
around  the  outside  of  the  test  intake  is  recovered  as  static  pressure  at  the  exit  of  a  spil!  diffuser  system, 
the  overall  pressure  ratio  across  the  cell  need  not  attain  such  a  high  value.  For  example,  with  a  typical 
spill  diffuser  recovery  factor  the  overall  pressure  ratio  required  to  achieve  Mach  3.5  would  be  about  8.0. 
Since  the  blowing  nozzle  airflow  in  both  cases  is  the  same  the  exhauster  volumetric  flow  capacity  required 
to  operate  the  cell  is  reduced  by  a  factor  of  about  10  and  the  exhauster  drive  power  reduced  by  a  factor 
of  3.  Spill  diffusion  is  therefore  an  important  technique  for  minimising  plant  size  and  operating  power. 

This  is  illustrated  in  Figure  13. 

At  NOTE,  spill  diffusion  systems  have  been  developed  for  use  with  axisymmetr ic  fixed  Mach  number 
nozzles  and  with  rectangular  variable  Mach  number  nozzles.  The  latter  systems  were  developed  using  models 
of  about  one  fifteenth  scale.  Subsequent  tests  on  the  full-scale  installations  gave  closely  comparable 
performance  in  terms  of  pressure  recovery.  The  axisymmetric  systems  are  of  fixed  geometry  but  with  a 
translating  front  ring  to  make  cell  'starting'  easier,  while  the  rectangular  systems  have  fully  variable 
diffuser  passages. 

With  both  systems  the  model  tests  showed  that  a  significant  saving  in  the  main  exhauster  capacity 
ran  be  made  if  a  small  amount  of  air  is  pumped  directly  from  the  cell  working  section  (about  4  per  cent  to 
S  per  cent  of  the  blowing  nozzle  flow).  If  this  working  section  bleed  extraction  system  is  made  large 
enough  it  can  also  handle  any  low  energy  bleed  flows  from  the  test  intake  (ie  ramp  bleed,  sidewall  bleed, 
etij.  Th»  wording  section  bleed  has  to  be  extracted  from  the  section  of  the  cell  which  is  at  the  altitude 
p  ssur-  and  this  is  achieved  by  using  an  air  driven  ejector  for  the  first  stage  of  compression,  the  ejector 
isihargiHg  into  the  main  exhauster  circuit. 

The  performance  of  a  spill  diffuser  system  is  usually  measured  by  the  minimum  overall  pressure  ratio 
necessary  to  maintain  a  parallel  shock-free  jet  at  the  nozzle  exit,  and  model  test  results  for  several 
rectangular  systems  of  various  spill  factors  and  intake  geometries  are  shown  in  Figure  14.  The  best  per¬ 
formance  achieved  with  axi symnetr ic  systems  is  also  shown  for  comparison. 


5.  3  Spill  factor  requirements 


As  mentioned  u.  Station  5.2,  tlu*  achievement  of  a  high  pressure  recovery  in  the  spill  diffuser  enables 
the  size  and  power  of  the  exhauster  plant  to  be  reduced.  An  equally  important  parameter  is  the  spill  factor, 
that  is  the  ratio  (jet  area-intake  areal/intake  area,  tor  this  also  directly  affects  the  required  exhauster 
capac i ty . 


With  supersonic  installations  it  has  been  found  possible  to  achieve  spill  factors  in  the  region  ot 
1.2  whilst  retaining  an  ability  to  test  over  the  appropriate  ranges  of  pitch  and  yaw  angles. 

Once  a  test  facility  becomes  available,  practical  considerations  usually  make  it  expedient  to  modify 
existing  diffuser  systems  rather  than  build  new  ones  so  that  tests  are  often  run  with  larger  spill  factors 
than  could  he  achieved  using  made-to-measure  systems.  This  has  bee '  the  case  at  NGTE  and  a-  counts  for  the 
tact  that  the  Tornado  propulsion  system  was  tested  at  considerably  higher  spill  factors  than  was  Concorde. 

The  whole  question  of  the  spill  factors  required  for  subsonic  testing  is  very  much  open  to  debate. 

It  is  considered  further  in  Section  7.5. 

Figure  15  shows  the  range  of  spill  factors  over  which  tree- jet  tests  have  been  run  at  NGTK. 

5 .  -•  Boundary  layer  simulation 

When  an  air  intake  is  mounted  close  to  an  aircraft  wing  or  fuselage  part  of  th*  boundary  layer  formed 
on  the  adjacent  surface  may  find  its  way  into  the  intake  in  some  circumstances.  Even  if  the  boundary  layer 
is  not  ingested  directly,  spillage  flow  from  a  boundary  layer  diverter  may  affect  the  main  intake  flow.  In 
tree- jet  tests  it  would  obviously  be  desirable  to  represent  adjacent  airframe  surfaces  in  full,  but  usually 
the  size  of  the  test  facility  is  insufficient  to  allow  this.  One  solution  to  this  problem  which  has  been 
developed  at  NOTH  and  used  during  supersonic  tests  in  Cell  4  is  a  device,  known  as  a  Boundary  Layer 
Generator,  which  generates  in  a  short  axial  distance  a  layer  of  low  energy  air  with  a  pressure  distribution 
approximating  to  that  which  exists  in  a  turbulent  boundary  layer.  The  device  is  mounted  within  the  blowing 
nozzle  and  adjacent  to  the  test  intake  so  that  the  artificial  boundary  layer  is  in  the  same  position 
relative  to  the  intake  as  the  natural  one  on  the  aircraft.  The  development  of  the  boundary  layer  generator 
is  described  in  Reference  8. 

Figures  IbA  and  16B  show  two  such  installations  in  Cell  4,  the  first  simulating  the  wing  boundary 
layer  in  the  case  of  the  Concorde  intake  and  the  second  simulating  a  fuselage  boundary  layer. 

b.  INSTRUMENTATION 

The  majority  of  the  instrumentat ion  and  data  recording  systems  used  at  NGTE  for  free-jet  testing 
follow  conventional  lines,  but  the  need  for  two  additional  requirements  has  become  evident. 

These  are: 

a.  Shock  wave  flow  visualization  systems  for  supersonic  tests. 

and  b.  an  array  of  rapid-response  miniature  transducers  for  the  determination  of  time-variant 

pressure  distributions  at  the  engine  face. 

Flow  visualization  of  the  intake  shock  system,  particularly  in  the  region  of  the  cowl  lip,  is 
essential  to  enable  the  intake  operating  point  to  be  defined  and  optimum  matching  with  the  engine  achieved. 

A  simple  shadowgraph  system  has  been  found  to  be  quite  satisfactory,  the  shadowgraph  screen  being  viewed 
with  a  television  camera  and  the  picture  displayed  on  a  television  monitor  in  the  cell  control  room. 

The  use  of  miniature  transducers  for  the  measurement  of  time-variant  pressure  distribution  has  been 

widely  adopted  and  has  been  fully  reported  elsewhere.  At  NGTE  a  facility  is  available  for  continuously 

recording  the  signals  from  40  rapid-response  tiansducers  mounted  in  an  engine  face  total  pressure  rake. 

These  records  are  processed  off-line  to  yield  either  instantaneous  distortion  coefficients  in  digital  form 
or  computer-generated  distribution  patterns. 

A  detailed  description  of  the  cell  instrumentation  systems  is  given  in  Reference  9. 

7.  EXAMPLES  OF  FREE-JET  TESTING 

7. 1  Engine  face  pressure  distortion 

Even  under  normal  flight  conditions  the  total  pressure  distribution  at  the  engine  entry  may  be  far 
from  uniform.  This  is  particularly  so  at  high  supersonic  flight  speeds.  Steady  state  and  time-variant 
distortion  patterns  can  readily  be  obtained  from  tests  of  a  model  intake,  but  whether  an  engine  will  tolerate 
a  specific  level  of  distortion  can  only  be  determined  from  full-scale  tests  with  the  engine  installed  behind 
its  intake. 

Steady  state  distortion  is  obtained  from  a  conventional  engine  face  pitot  rake,  the  pressure  being 
recorded  on  the  steady  state  data  gathering  system.  Because  of  the  long  pneumatic  pipe  lengths  involved  it 
is  assumed  that  this  gives  time-averaged  values.  In  fact  the  engine  face  pressures  may  be  fluctuating 
continuously  and  this  can  result  in  the  peak  time-variant  or  dynamic  distortion  being  considerably  higher 
than  the  steady  state  value.  Time-variant  distortion  is  obtained  by  combining  the  steady  state  readings 
with  the  pressure  fluctuations  measured  by  miniature  pressure  transducers  mounted  in  the  rake  adjacent  to 
the  steady  state  pitots,  the  pressure  fluctuations  being  recorded  continuously  on  magnetic  tape. 
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Figure  17  presents  sonr*  time-variant  distortion  records  obtained  from  Cell  4,  the  circumferential 
distortion  coefficient  DC  135  being  plotted  against  time.  The  steady  state  distortion  level  is  also  shown 
tor  comparison.  It  can  be  seen  that  the  distortion  level  increases  with  Mach  number,  the  peak  time-variant 
distortion  reaching  about  1.5  to  1.7  times  the  steady  state  value. 

7. 2  Engine  surge  investigations 

Engine  handling  tests  are  traditionally  made  in  a  connected  facility  using  bias  gauzes  or  plates  to 
simulate  specific  pressure  distortion  patterns.  This  provides  only  a  crude  simulation  of  steady  state 
distortion  and  cannot  represent  the  changing  patterns  which  occur  as  a  transient  progresses. 

The  great  advantage  of  a  free-jet  facility  lies  in  its  ability  to  provide  a  far  more  accurate  rep¬ 
resentation  of  conditions  which  exist  in  flight.  This  has  now  been  firmly  established  as  the  result  of 
extensive  testing  in  Cell  4  and  subsequent  flight  investigations. 

Much  of  the  later  Concorde  work  was  concerned  with  demonstrating  surge-free  operation  over  a  range  of 
conditions,  including  engine  slam  acceleration  and  deceleration,  aircraft  yaw  and  operation  in  'cold  day' 
conditions.  These  tests  were  made  with  the  intake  scheduled  by  its  automatic  control  system. 

Results  from  these  tests  are  discussed  in  detail  in  Reference  3. 

7. 3  Thrust  measurement 


In  a  free-jet  test  the  accurate  measurement  of  thrust  presents  difficulties.  However,  thrust  measure¬ 
ment  has  been  attempted  in  certain  specialized  cases. 

The  first  concerns  altitude  tests  of  ramjet  engines  where  combustion  performance  can  vary  significantly 
with  air  inlet  temperature  and  pressure  and  with  flow  distortions  induced  by  the  intake.  To  enable  these 
effects  to  be  quantified  a  force  measuring  system  was  developed  for  use  in  Cell  1.  Briefly,  the  method  was 
to  measure  the  overall  drag  with  the  engine  unlit  over  a  range  of  cell  conditions  and,  knowing  the  intake 
flow  characteristics,  to  calculate  the  internal  drag.  The  external  drag  of  the  installation  could  then  be 
obtained  and  applied  to  the  hot  running  condition.  The  combustor  performance  was  obtained  from  the  net  thrust. 

Another  method  of  thrust  measurement  which  has  been  used  satisfactorily  for  a  non-reheated  turbojet 
installation  is  to  use  a  pitot  rake  located  in  the  jet  exit.  The  engine  airflow  is  obtained  from  an  engine 
face  rake  and  this  is  used  with  the  measured  values  of  exit  total  pressure  and  temperature  to  obtain  the 
gross  exit  thrust.  Because  of  the  difficulty  of  obtaining  reliable  mean  values  of  pressure  and  temperature 
in  a  non-uniform  flow  a  high  accuracy  cannot  be  expected,  but  a  value  to  within  a  few  per  cent  can  be  obtained. 

7. 4  Dummy  engine/real  engine  correlation 

Tests  with  a  dummy  engine,  ie  a  variable  area  plug  nozzle,  are  useful  when  evaluating  intake  perfor¬ 
mance  and  establishing  the  optimum  intake  control  laws.  Experience  has  shown  that  data  can  be  accumulated 
much  more  quickly  and  over  a  wider  range  of  intake  conditions  without  the  additional  complication  and  limi¬ 
tations  imposed  by  an  engine. 

Comparisons  of  real  and  dummy  engine  results  have  been  made  on  a  number  of  powerplants  and  good  cor¬ 
relation  has  been  obtained.  Figure  IS  shows  steady  state  and  time-variant  distortion  coefficients  measured 
on  a  subsonic  intake  in  Cell  4  over  a  range  of  pitch  angles.  The  steady  state  coefficients  show  good  agree¬ 
ment  between  dummy  and  real  engines,  but  the  time-variant  coefficients  obtained  with  the  real  engine  are 
slightly  higher  than  those  with  the  dummy.  The  intake  pressure  recoveries  obtained  with  the  real  engine  are 
also  shown  and  these  agree  closely  with  those  measured  using  the  dummy  engine. 

7 . 5  Subsonic  free-jet  tests 

Considerations  of  basic  aerodynamics  suggest  that  correct  representation  of  the  flow  field  in  the 
neighbourhood  of  a  subsonic  intake  requires  that  the  area  of  the  free-jet  should  be  considerably  greater  than 
the  capture  area  of  the  intake.  This  requirement  is  well  known  and  i  adhered  to  for  conventional  wind 
tunnel  tests,  especially  if  force  and  moment  measurements  are  requi red ,  but  it  does  not  necessarily  have  to  be 
interpreted  so  rigidly  for  propulsion  testing.  To  examine  this  possibility,  NGTE  investigated  whether  the 
techniques  it  has  developed  for  supersonic  testing  could  be  extended  into  the  subsonic  region. 

In  one  such  investigation,  tests  were  made  in  Cell  4  using  a  two  dimensional  supersonic  intake  coupled 
to  a  dummy  engine.  The  supersonic  blowing  nozzle  was  removed  from  the  cell  and  replaced  by  a  convergent 
nuzzle  having  an  outlet  cross  section  1.2  m  wide  by  l.b  m  high.  This  gave  a  spill  factor  of  3.2.  For  com¬ 
parison,  the  Concorde  installation  for  supersonic  tests  in  Cell  4  operated  at  a  spill  factor  of  1.15. 

I  he  aim  of  the  tests  was  to  establish  the  extent  to  which  the  conditions  in  Cell  4  reproduced  those 
existing  in  tree  flight.  The  success  of  the  simulation  was  judged  on  the  basis  of  the  engine  face  pressure 
recovery.  No  full-scale  free  flight  measurements  were  available  and  so  results  from  wind  tunnel  tests  on  an 
extensively  instrumented  model  of  the  complete  aircraft  vere  used  to  provide  the  datum  for  comparison. 

The  tests  in  Cell  4  covered  a  range  of  angles  of  intake  incidence  up  to  30°  whilst  the  wind  tunnel 
tests  on  the  model  aircraf*  were  taken  to  20°  aircraft  incidence.  A  comparison  of  the  measured  intake 
pressure  re»overies  at  Mach  0.5  is  shown  in  Figure  19.  The  variation  of  pressure  recovery  with  intake  flow 
ratio  follows  the  same  general  trend  for  both  the  cell  and  aircraft  model  data,  but  the  curve  for  a  given 
intake  incident e  in  the  cell  is  roughly  equivalent  to  the  aircraft  model  operating  at  half  that  incidence. 

It  is  thought  that  fuselage  upwash  and  Reynolds  number  effects  on  the  aircraft  model  could  account  for  some 
of  this  difference  although  probably  not  for  all. 


Flow  visualiz.it  ion 


Occasionally  circumstances  arise  when  a  qualitative  indication  of  the  t low  field  in  an  intake  can  be 
helpful  in  gaining  a  better  understanding  of  its  behaviour  and  thereby  enabling  its  performance  to  be 
improved.  A  simple  technique  which  has  been  used  with  success  in  Cell  4  requires  the  intake  surfaces  of 
interest  to  be  painted  in  bands  with  a  mixture  of  titanium  dioxide  and  oil  after  which  the  cell  is  run  at  a 
fixed  condition  for  15  or  JO  minutes  and  then  shut  down  as  quickly  as  possible.  Although  the  resulting 
patterns  relate  to  the  flow  in  the  boundary  layer  and  are  not  necessarily  representative  of  the  main  bulk 
of  the  flow,  nevertheless  they  provide  a  useful  indication  of  conditions  within  the  intake,  particularly 
when  it  is  operating  off-design. 

Figures  20A  and  20B  show  the  results  of  two  tests  on  the  Concorde  installation  run  at  Mach  2. 

Figure  20A  shows  the  path  of  the  bleed  flow  into  the  intake  ramp  void  and  Figure  2l)B,  which  was  taken  after 
a  run  at  4°  yaw,  shows  how  the  effects  of  yawed  flow  persist  on  the  floor  of  the  intake  duct  right  up  to  the 
engine  face. 

7. 7  Free- jet  icing  tests 

lhe  increased  importance  attached  in  recent  years  to  free-jet  icing  tests,  particularly  on  helicopter 
installations,  was  mentioned  in  the  Introduction.  At  NGTL  these  tests  are  made  in  the  largest  altitude  cell. 
Cell  3  West. 

A  general  description  of  this  facility  is  given  in  Reference  6,  and  results  from  free-jet  icing  tests 
on  helicopters  and  on  an  aircraft  powerplant  (Concorde)  are  given  in  References  5  and  2  respectively. 

The  Concorde  tests  were  made  at  a  spill  factor  of  1.8  and  overed  a  range  of  conditions  representing 
encounters  with  icing  conditions  of  varying  severity  with  the  engine  operating  at  reduced  power.  At  the  end 
of  each  icing  test  period  the  engine  was  accelerated  to  maximum  continuous  power.  Figure  21A,  one  of  a  series 
of  photographs  taken  during  tests  on  the  Concorde  powerplant,  shows  the  ice  deposition  after  30  minutes  at  an 
air  temperature  of  -10°C  with  a  water  concentration  varied  cyclically  between  0.6  and  2.0  gm/m  .  The  flight 
condition  represented  was  Mach  0.5  at  5.2  km  altitude.  The  tests  in  Cell  3  West  were  made  before  the  aircraft 
had  flown  in  natural  icing  conditions  and  at  this  stage  there  was  some  uncertainty  as  to  the  extent  to  which 
the  cell  was  representative  of  free  flight.  However,  subsequent  cold  weather  trials  on  the  aircraft  gave 
results  identical  with  those  obtained  in  the  cell  and  this  added  further  to  the  background  of  comparative 
data  which  shows  that  free-jet  cell  tests  can  be  used  to  give  reliable  indications  of  conditions  expected  to 
occur  in  flight. 

Free-jet  icing  tests  on  helicopters  are  undertaken  at  NOTE  primarily  to  examine  the  performance  of  the 
engine  intake  anti-icing  system.  For  such  tests  to  be  representative  it  is  necessary  to  test  with  as  much  of 
the  fuselage  surface  ahead  of  the  intake  present  as  possible  to  ensure  that  the  flow  field  in  the  region  of 
the  intake  capture  plane  is  correct.  This  can  be  done  at  NOTE  because  the  facilities  available  are  of  such  a 
size  that  full-scale  helicopter  fuselages  can  be  accommodated  in  the  test  cell  and,  by  correctly  positioning 
them  in  the  air  stream,  a  large  part  including  the  windscreen,  cabin  roof  and  engine  intakes  can  be  subjected 
to  icing  conditions.  No  attempt  is  made  to  simulate  rotor  downwash,  the  tests  representing  forward  flight  in 
the  speed  range  45-80  m/s. 

The  question  as  to  the  extent  of  full-scale  representation  arose  in  an  even  more  acute  form  when  heli¬ 
copter  tests  were  first  proposed  since  the  test  vehicle  is  only  partially  immersed  in  the  free-jet,  a  practice 
wholly  at  variance  with  conventional  wind  tunnel  practice. 

fo  resolve  this  problem  NOTE  undertook  tests  using  a  one-twent ieth  scale  model  of  the  complete  cell 
installation,  including  a  model  helicopter.  Measurements  were  made  of  the  pressure  distributions  over  the 
fuselage  surfaces  for  comparison  with  those  made  on  the  same  model  helicopter  in  a  conventional  closed  circuit 
wind  tunnel.  The  close  agreement  obtained  between  the  two  sets  of  data  gave  confidence  that  the  Cell  3  West 
representation  was  good  and  this  has  been  subsequently  confirmed  by  flight  tests. 

Figure  21B,  taken  from  Reference  5,  shows  the  ice  build  up  on  the  untreated  front  face  of  a  foreign 
object  deflector  fitted  to  a  Sea  King  helicopter.  The  test  was  of  30  minutes  duration  at  -4°C  air  temperature 
with  water  concentrations  of  0.75  g/m3  for  27  minutes  and  1.5  g/m  for  3  minutes. 

8.  CONCLUDING  REMARKS 

This  paper  K.s  presented  a  summary  of  free-jet  testing  techniques  as  they  have  been  developed  at  NOTE. 
Most  of  the  work  uas  been  directed  towards  supersonic  testing,  originally  to  enable  ramjet  engines  for 
missiles  to  be  developed  but  later  extended  to  cover  powerplants  for  supersonic  aircraft.  More  recently  the 
potential  of  subsonic  free-jet  testing  has  been  explored  and  has  been  found  to  be  considerable,  especially  for 
icing  tests  on  helicopters  and  on  powerplants  for  fixed  wing  aircraft.  Although  when  judged  by  conventional 
wind  tunnel  practice  the  techniques  for  subsonic  testing  appear  crude  and  unrepresentative,  a  sufficient  back¬ 
ground  of  experience  has  now  been  accumulated  to  give  confidence  that  the  results  obtained  from  a  cell  test 
closely  represent  what  occurs  in  flight. 

In  the  case  of  supersonic  aircraft,  where  interactions  between  the  intake  and  engine  can  critically 
affect  the  performance  of  the  powerplant,  the  ability  to  test  the  complete  system  is  immensely  valuable.  No 
connected  test  can  completely  simulate  the  flow  conditions  at  the  engine  entry  plane  over  the  whole  range  of 
power  settings  and  flight  conditions.  In  a  free-jet  test,  steady  state  and  time-variant  total  pressure  dist¬ 
ributions  are  correctly  reproduced  by  the  intake  so  that  aircraft  manoeuvre  and  off-design  cases  can  be 
examined  without  hazarding  a  test  aircraft  or  demanding  unnecessary  risks  to  be  taken  by  a  flight  crew.  This 
is  not  to  say  that  connected  tests  have  no  part  to  play  in  supersonic  powerplant  development,  indeed  this  is 
far  from  the  case,  but  rather  to  emphasise  that  a  balanced  development  progratnne  must  include  a  significant 
element  devoted  to  free-jet  tests  of  the  engine  coupled  to  its  intake. 
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SUMMARY 

Inlet-engine  compatibility  is  a  recognized  major  concern  in  essentially  every  aircraft 
development  effort.  Testing  of  many  configurations  throughout  the  development  cycle  of  a 
propulsion  system  is  generally  required  to  establish  the  performance  and  operational  suit¬ 
ability  characteristics  of  a  production  configuration.  A  disciplined  test  methodology 
based  on  the  use  of  standardized  test  techniques  is  necessary  to  generate  the  technical 
data  base  required  for  effective  program  management  decisions. 

Established  test  techniques  have  been  developed  at  the  Arnold  Engineering  Development 
Center  for  the  systematic  and  quantitative  assessment  of  turbine  engine  performance  and 
suitability.  A  review  of  the  currently  available  techniques  for  the  evaluation  of  tur¬ 
bine  engine  stability  is  presented.  Recommended  test  matrix  selection  criteria,  instru¬ 
mentation  and  test  equipment  requirements,  test  procedures,  and  analysis  techniques  are 
discussed  with  respect  to  turbine  engine  testing  with  three  basic  engine  inlet  environ¬ 
mental  conditions:  uniform,  steady  flow;  steady-state  distorted  flow;  and  time-variant 
distorted  flow. 


1.  INTRODUCTION 

Basic  propulsion  system  requirements  can  be  grouped  into  two  primary  classifications: 
steady-state  thermodynamic  performance  requirements  which  are  usually  summarized  in  terms 
of  thrust  and  range  capability,  and  operational  suitability  requirements  generally  de¬ 
scribed  in  terms  of  system  stability,  durability,  and  controllability.  The  requirements 
for  steady-state  performance  assessment  are  readily  understood  and  historically  have  re¬ 
ceived  much  attention  and  emphasis.  standardized  test  techniques  have  been  established 
with  general  acceptance  and  use  throughout  the  aircraft  industry.  In  contrast,  opera¬ 
tional  suitability  requirements  have  received  significant  attention  only  since  the  advent 
of  sophisticated  multi-mission  aircraft  designs.  Inlet-engine  operational  difficulties 
substantially  in  excess  of  anticipated  or  tolerable  levels  were  experienced  with  the  in¬ 
troduction  of  turbofan  engine  installations  in  tactical  aircraft. 

Considerable  effort  has  been  expentn  j  over  the  last  decade  to  develop  a  thorough 
understanding  of  engine  suitability  with  particular  emphasis  on  inlet-engine  compatibility 
problems.  As  a  result,  there  is  general  agreement  throughout  the  industry  concerning  the 
cause  and  solution  of  compressor  system  instability,  and  a  recognized  need  for  industry 
guidelines  to  assess  and  systematically  evaluate  compressor  stability  (Ref.  1). 

In  response  to  this  need,  established  test  *-ocimiques  have  been  developed  at  the 
Arnold  Engineering  Development  Center  (AEDC)  for  the  quantitative  assessment  of  turbine 
engine  performance  and  compressor  stability  at  mission-related  test  environmental  condi¬ 
tions.  A  review  of  the  compressor  stability  test  techniques  applicable  to  full-scale 
turbine  engine  system  test  requirements  is  presented. 

Many  of  the  techniques  discussed  are  based  on  testing  conducted  at  the  Arnold  Engi¬ 
neering  Development  Center  with  the  sponsorship  of  the  Air  Force  Aero  Propulsion  Labora¬ 
tory  (Ref .  2)  . 


2.  ENGINE  STABILITY  MARGIN  REQUIREMENTS 

During  normal  engine  operation,  compressor  stability  is  affected  by  many  factors.  A 
graphic  presentation  of  the  primary  factors  is  shown  in  Fig.  1  and  discussed  in  detail  in 
Ref.  3. 

Evaluation  of  inlet-engine  compatibility  requires  consideration  of  the  compressor 
stability  margin  utilization  due  to  inlet  flow  distortion  and  all  other  factors  which 
either  degrade  the  compressor  surge  line  or  increase  the  operating  compressor  pressure 
ratio.  Stability  assessments  to  quantitatively  estimate  the  singular  and  cumulative 
effects  of  these  destabilizing  factors  are  necessary  throughout  the  propulsion  system 
development  cycle.  Engine  test  techniques  which  may  be  used  to  systematically  determine 
margin  utilization,  in  a  building  block  concept,  have  been  developed  based  on  three  basic 
engine  inlet  environmental  conditions:  uniform,  steady  flow;  steady-state  distorted  flow; 
and  time-variant  distorted  flow. 


3.  UNIFORM  STEADY  ENGINE  INLET  FLOW 


Testing  with  uniform,  steady,  engine  inlet  flow  is  required  to  establish  engine  base¬ 
line  performance  (normal  operating  line  and  surge  line)  from  which  to  quantify  the  effects 
of  destabilizing  factors  on  compressor  stability  margin. 

Engine  inlet  flow  quality  for  baseline  testing  can  be  defined  in  terms  of  measured 
inlet  total  pressure  and  temperature  parameters  (Ref.  4).  Based  on  test  experience  at 
the  Arnold  Engineering  Development  Center,  engine  inlet  flow  conditions  with  one  percent 
or  less  steady-state  spatial  total  pressure  distortion  (Pmax  -  pmin* /pavg '  excluding  the 
boundary  layer,  and  one  percent  or  less  time-variant  spatial  inlet  distortion,  character¬ 
ized  by  'Prmg/Pavq  (0  ~  700  Hz),  and  one  percent  or  less  spatial  and  time-variant  total 
temperature  distortion  are  satisfactory  for  baseline  stability  testing. 

Stability  requirements  are  generally  divided  into  two  major  groups  for  consideration 
in  establishing  a  test  condition  matrix:  requirements  caused  by  changes  in  environment, 
and  the  requirements  for  enqine  operation.  The  changes  in  operating  environment  include 
the  effects  of  Reynolds  number  (flight  altitude),  corrected  rotor  speed  (flight  Mach  num¬ 
ber),  nonstandard  day  conditions  (inlet  temperature),  external  engine  thermal  environ¬ 
ment,  and  flight  transients  where  stability  characteristics  may  vary  as  engine  internal 
thermal  equilibrium  is  achieved. 

The  effect  of  Reynolds  number  on  engine  stability  can  be  determined  by  investigation 
at  selected  engine  inlet  Reynolds  number  index  test  conditions.  The  maximum  Reynolds 
number  index  selected  should  be  representative  of  low  altitude  engine  operating  condi¬ 
tions.  The  minimum  Reynolds  number  index  condition  should  be  selected  to  provide  data 
along  the  lift  limit  of  the  engine  operating  envelope.  Test  conditions  suitable  for  in¬ 
vestigation  of  a  typical  current  augmented  turbofan  engine  are  shown  in  Fig.  2.  Testing 
over  a  range  of  inlet  air  total  temperatures  provides  data  at  corrected  compressor  rotor 
speeds  and  thermal  conditions  representative  of  a  variation  of  flight  Mach  number. 

Typical  requirements  for  engine  operation  include  (1)  operation  with  and  without 
engine  airbleed  and  power  extraction,  (2)  operation  with  control  system  variations  repre¬ 
sentative  of  control  tolerances,  (3)  operation  with  steady-state  nonaugmented  and  aug¬ 
mented  control  logics,  (4)  engine  power  transient  operation,  and  (5)  engine  operation 
during  flight  trajectory  transients. 

3.1  TEST  INSTALLATION  -  UNIFORM  STEADY  ENGINE  INLET  FLOW 

Uniform  inlet  conditions  can  be  obtained  with  a  conventional  direct-connect  engine 
test  installation  (Fig.  3).  Flow  straightening  screens  downstream  of  a  critical  flow 
airflow  measuring  venturi,  a  large  inlet  plenum,  and  a  bellmouth  at  the  engine  inlet  duct 
provide  metered  airflow  with  uniform  inlet  total  pressure  and  temperature  profiles  and 
minimum  time-variant  inlet  distortion. 

Steady-state  instrumentation  is  required  at  selected  stations  within  the  engine  to 
establish  engine  baseline  total  temperature  and  pressure  profiles  from  which  to  evaluate 
variations  attributed  to  induced  inlet  flow  disturbances.  Transient  instrumentation  (low 
frequency  range  of  flat  response  to  approximately  20  Hz)  systems  are  required  for  selected 
sensors  to  obtain  performance  during  engine  power  or  flight  trajectory  transients. 

Limited  dynamic  instrumentation  (high  frequency  range  of  flat  response  to  approximately 
1,000  Hz)  systems  are  required  to  identify  the  critical  compressor  component  or  origin  of 
compressor  flow  breakdown. 

3.2  TEST  PROCEDURE  -  UNIFORM  STEADY  ENGINE  INLET  FLOW 

Stability  margin,  defined  as  the  operating  pressure  ratio  range  between  the  normal 
operating  line  and  surge  line  determined  at  constant  compressor  corrected  airflow,  is 
shown  in  Fig.  4.  The  change  between  the  operating  line  and  surge  line  with  inlet  distor¬ 
tion  provides  a  quantitative  measure  of  the  stability  margin  utilization  attributable  to 
the  inlet  distortion  condition.  An  array  of  compressor  loading  techniques  is  available 
to  experimentally  determine  engine-installed  compressor  surge  limits.  In  general,  these 
techniques  may  be  divided  into  two  general  classifications,  transient  and  steady-state 
loading  methods.  The  most  extensively  used  transient  techniques  include  variations  of 
the  fuel  pulse  method  which  is  based  on  use  of  a  controlled  transient  fuel  pulse  to  in¬ 
crease  the  compressor  pressure  ratio  above  the  operating  line  (Ref.  5).  The  technique 
usually  requires  only  minor  test  equipment  modifications,  but  does  require  transient  mea¬ 
surements  which  are  generally  more  difficult  to  obtain,  with  accuracy,  than  comparable 
steady-state  measurements. 

Steady-state  loading  techniques  typically  include  flow  blockage  methods  such  as  "in¬ 
bleed"  or  mechanical  blockage  systems.  A  typical  example  of  a  steady-state  loading  sys¬ 
tem  used  with  a  dual  rotor  compressor  is  reported  in  Ref.  2.  The  fan  compressor  is 
loaded  by  reducing  the  exhaust  nozzle  area,  and  the  high-pressure  compressor  is  loaded 
with  a  high-pressure  compressor  inbleed  system.  By  simultaneous  use  of  the  gas  generator 
and  fan  compressor  loading  systems,  valid  matched  component  operating  conditions  can  be 
maintained.  A  rotor  speed  ratio  corresponding  to  the  steady-state  normal  operating 
value,  or  a  rotor  speed  ratio  based  on  data  from  a  mathematical  model  may  be  maintained 
for  matched  component  operation. 
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3.)  ANALYSIS  METHODS  -  UNIFORM  STEADY  ENGINE  INLET  FLOW 

Typical  results  obtained  during  testing  with  uniform  inlet  flow  conditions  to  deter¬ 
mine  onqine  baseline  performance  are  shown  in  Fiq.  5.  Data  dcfininq  the  hiqh-pressure 
compressor  operatinq  characteristics  are  presented;  hiqh-pressure  compressor  pressure 
ratio  is  shown  as  a  function  of  high-pressure  compressor  corrected  airflow.  The  data  ob¬ 
tained  at  a  compressor  inlet  Reynolds  number  index  of  0.6  are  representative  of  perform¬ 
ance  at  moderate  to  low  altitude  conditions  within  the  engine  operatinq  envelope.  Cor¬ 
rected  rotor  speeds  from  approximately  0,900  rpm  at  high  flight  Mach  numbers  to  10,500 
rpm  at  low  flight  Mach  numbers  are  representative  of  engine  operation  at  military  and/or 
afterburning  [xjwer  for  the  typical  turbofan  enqine  reported  in  Ref.  2.  The  variation  of 
baseline  stability  margin  attributed  to  Reynolds  number,  or  altitude  effects,  is  indi¬ 
cated  by  the  significant  shift  in  the  operatinq  line  and  slight  variation  in  the  surge 
line  obtained  at  Reynolds  number  index  0.3  test  conditions.  At  a  constant  high-pressure 
compressor  rotor  speed  of  10,000  rpm,  the  stability  margin  decreased  from  about  18  per¬ 
cent  at  Reynolds  number  index  0.6  to  approximately  14  percent  at  Reynolds  number  in¬ 
dex  0.3. 

Stability  margin  requirements  for  enqine  transient  operation  such  as  engine  accelera¬ 
tion  and  deceleration  transients  or  enqine  flight  transients  are  obtained  using  close- 
coupled  (approximately  20-Hz  response)  pressure  transducers  and  high-speed  digital  data 
acquisition  systems.  Typical  results  obtained  during  acceleration  and  deceleration  en¬ 
qine  transients  are  shown  in  Fiq.  6  for  the  high-pressure  compressor  of  a  typical  turbo¬ 
fan  engine.  Stability  margin  allowance  is  required  for  the  acceleration  transient; 
margin  is  increased  during  the  engine  deceleration  transient.  Margin  requirements  typ¬ 
ically  are  reversed  for  the.  fan  compressor;  margin  is  increased  during  acceleration  and 
utilized  during  deceleration. 

4.  STEADY-STATE  INLET  DISTORTION 

Testing  with  steady-state  inlet  total  pressure  distortion  is  required  to  assess  the 
effects  of  classical  and  composite  distortion  patterns  on  the  baseline  stability  char¬ 
acteristics  of  the  compression  system. 

The  test  matrix  should  be  selected  to  provide  data  at  the  same  engine  and  environ¬ 
mental  test  conditions  which  were  investigated  with  uniform  inlet  flow.  During  develop¬ 
ment  testina,  classical  or  parametric  patterns  are  generally  selected  to  determine  or 
verify  the  basic  distortion  sensitivity  characteristics  of  the  compression  system.  Test¬ 
ing  is  conducted  to  evaluate  the  effects  of  pattern  shape,  extent,  and  intensity  on  com¬ 
pression  system  stability  and  to  determine  the  distortion  transfer  coefficients  of  multi¬ 
spool  compression  systems. 

For  qualification  or  certification  testing,  test  matrix  requirements  are  generally 
limited  to  specified  engine  and  environmental  "rating"  conditions  using  flight-type  dis¬ 
tortion  patterns.  The  flight  patterns  are  derived  from  inlet  model  test  results  obtained 
at  selected  mission-related  operating  conditions.  An  established  practice  in  industry 
has  been  to  simulate  inlet  model  derived  peak  time-variant  distortion  patterns  with 
steady-state  patterns  for  engine  stability  test  assessments. 

4.1  TEST  INSTALLATION  -  STEADY-STATE  INLET  DISTORTION 

Testing  with  steady-state  total  pressure  distortion  can  be  accomplished  in  a  direct- 
connect  installation  similar  to  that  used  for  testing  with  uniform  inlet  testing,  except 
for  the  installation  of  a  steady-state  distortion  generator  approximately  one  engine 
diameter  forward  of  the  compressor  inlet. 

Screens  have  been  accepted  throughout  the  aircraft  engine  community  as  a  standard 
steady-state  distortion  generating  system.  However,  screens  have  an  undesirable  oper¬ 
ating  characteristic  because  the  pressure  loss  is  dependent  on  the  screen  porosity 
(blockage)  and  approach  velocity;  therefore,  each  distortion  pattern  variation  and/or 
engine  inlet  duct  velocity  (engine  power  level  or  simulated  flight  Mach  number)  change 
requires  test  time  utilization  for  a  screen  configuration  change  to  maintain  a  desired 
total  pressure  distortion  pattern  at  the  compressor  inlet. 

Airjet  systems  are  an  attractive  alternate  method  for  generating  steady-state  distor¬ 
tion  patterns  for  many  test  program  applications.  Airjet  distortion  generators  use  a 
counterflow  (to  the  primary  engine  inlet  airstream)  airjet  system  in  which  the  jet  flow 
momentum  cancels  part  of  the  primary  compressor  inlet  airstream  momentum  with  the  accom¬ 
panying  total  pressure  loss.  The  flow  distortion  pattern  is  varied  by  remotely  control¬ 
ling  the  jet  flow  rate  and  distribution. 

An  AEDC-developed  airjet  distortion  generator  system  (Fig.  7)  is  reported  in  Ref.  6. 
The  system  includes  a  secondary  (airjet)  air  temperature  conditioning  system  (to  match 
the  temperature  of  the  primary  engine  airstream);  a  high-pressure  (sonic)  airjet  nozzle 
array  (56  equally-spaced  flow  nozzles);  and  a  computerized  airjet  nozzle  flow  control 
system  to  provide  a  d ia 1-a-pa t ter n  capability.  The  A EDO  airjet  distortion  generator  has 
been  shown  (Refs.  6  and  7)  to  be  an  efficient  tool  for  providing  steady-state  inlet  total 
pressure  distortion  during  turbine  engine  stability  tests.  The  system  flexibility  pro¬ 
vides  an  order  of  magnitude  increase  in  the  available  inlet  patterns  over  current  screen 
techniques.  Desired  patterns  generally  can  be  obtained  with  approximately  the  same  ac¬ 
curacy  limits  obtainable  with  a  screen  distortion  generator.  Typical  pattern  character¬ 
istics,  as  shown  by  the  isobar  map  at  the  enqine  inlet,  are  presented  in  Fiq.  8.  The 
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air  lot  distortion  generator  produced  similar  areas  of  high  and  low  total  pressure  and 
maintained  similar  area  contours  to  those  produced  by  distortion  screens. 

Similar  airjet  distortion  generators  are  reported  in  Refs.  8  and  9. 

4.2  INSTRUMENTATION  -  STEADY-STATE  INLET  DISTORTION 

The  instrumentation  requirements  for  testinq  with  steady-state  distortion  are  similar 
to  the  requirements  for  testinq  with  uniform  inlet  flow  conditions  except  for  the  in¬ 
creased  survey  required  to  measure  distortion  at  the  compressor  inlet  and  to  measure  the 
propacja t ion  of  distortion  through  the  engine.  Test  assessment  (and  communication)  of  in¬ 
let  flow  distortion  necessitates  precise  definition  of  the  inlet  instrumentation  system. 
The  aerodynamic  interface  between  the  inlet  and  the  engine  should  be  defined  and  main¬ 
tained  invariant  throughout  a  propulsion  system  development  cycle  for  all  testing  (inlet, 
engine,  and  inlet-engine  tests).  Recommended  guidelines  for  selection  of  the  aerodynamic 
interface  plane  (AIP)  are  reported  in  Ref.  1.  The  AIP  criteria  should  include  definition 
of  the  probe  sensing  characteristics  and  the  detailed  radial,  circumferential,  and  axial 
location  of  each  sensor  relative  to  the  engine  inlet. 

Measurement  of  the  propagation  of  distortion  through  the  engine  is  necessary  to  de¬ 
termine  distortion  transfer  coefficients  (for  analysis  of  multi-spool  compressor  systems) 
and  to  determine  the  effects  of  inlet  distortion  on  control  system  sensor  locations 
(engine/control  system  interactions).  However,  physical  installation  of  the  increased 
number  of  sensors  is  generally  not  feasible  in  a  turbine  engine  test.  A  technique  to  ob¬ 
tain  the  required  increased  instrumentation  survey  is  the  use  of  the  rotating  distortion 
pattern  concept  (Ref.  10).  The  distortion  screen  assembly  is  automatically  rotated  and 
positioned  at  discrete  circumferential  locations  during  the  recording  period  of  a  steady- 
state  data  record  to  provide  the  capability  of  multiple  data  values  from  each  installed 
sensor  during  each  data  record  (Fig.  9).  An  effective  multiplication  factor  of  about 
three  (the  ratio  of  effective  to  installed  instrumentation  sensor  locations)  was  success¬ 
fully  used  in  a  demonstration  test  program;  effective  multiplication  factors  on  the  order 
of  10  or  more  are  feasible. 

4.3  ANALYSIS  METHODS  -  STEADY-STATE  INLET  DISTORTION 

Computer  programs  to  describe  the  steady-state  total  pressure  distribution  at  the 
enqine  inlet  are  useful  tools  for  rapid  visual  assessment  of  the  flow  pattern.  The  total 
pressure  distortion  obtained  with  a  180-deq  one-per-revolution  circumferential  pattern  is 
described  by  the  engine  inlet  face  maps  shown  in  Fig.  8.  Areas  of  constant  pressure 
(i  small  tolerance)  may  be  indicated  by  use  of  standard  printer  symbols.  Several  varia¬ 
tions  of  this  concept  are  in  general  use  by  different  engine  and  airframe  contractors. 

Numerical  descriptions  or  indices  to  identify  the  relative  severity  of  distortion 
patterns  are  used  by  most  engine  manufacturers.  The  descriptors,  coupled  with  empiri¬ 
cally  determined  compressor/engine  distortion  sensitivity  factors,  are  used  to  quantify 
the  effect  of  inlet  distortion  on  engine  stability  and  performance.  A  numerical  distor¬ 
tion  description  provides  a  means  of  identifying  critical  inlet  distortion  patterns  and 
of  communication  during  propulsion  system  development.  The  Society  of  Automotive  Engi¬ 
neers,  Inc. -recommended  distortion  descriptor  methodology  is  reported  in  Ref.  1.  The 
purpose  of  the  inlet-distortion  computation  procedure  is  to  reduce  the  inlet  distortion 
pattern  (individual  pressure  values  of  the  aerodynamic  interface  plane)  to  a  set  of 
numerical  values  which  define  the  relative  severity  of  the  pattern  in  terms  of  circum¬ 
ferential  and  radial  pressure  defects.  These  distortion  descriptions  are  combined  with 
engine  sensitivities  to  determine  surge  pressure  ratio  loss. 

The  distortion  descriptor  elements  include  definition  of  the  circumferential  inten¬ 
sity,  APC/P,  (magnitude  of  the  circumferential  pressure  defect);  the  circumferential  ex¬ 
tent,  6“,  (angle  subtended  by  a  low-pressure  region);  a  mul tiple-per-revolution  factor, 
MPR,  (number  of  low-pressure  regions);  and  the  radial  intensity,  APR/P,  (magnitude  of  a 
radial  pressure  defect)  . 

The  descriptive  elements  are  used  to  define  compressor  surge  pressure  ratio  loss  by 
the  following  equation: 
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The  sensitivity  terms  and  constant  C  can  vary  with  distortion  (extent,  multiple-per-rev , 
ring  weighting  factor,  etc.)  and  with  compression  system  design. 

A  detailed  description  of  the  SAE  methodoloqy  is  provided  in  Ref.  1.  Although  a 
universal  descriptor  that  can  meet  the  requirements  of  every  compressor  does  not  appear 
to  be  within  the  state  of  the  art,  the  generalized  approach  recommended  by  Ref.  1  can  be 
expanded  to  form  nearly  any  distortion  descriptor  in  current  use. 

Typical  test  results  indicating  stability  margin  with  steady-state  distortion  com¬ 
pared  to  baseline  data  obtained  with  a  uniform  inlet  flow  condition  at  Reynolds  number 
index  0.6  test  conditions  are  shown  in  Fig.  10.  A  significant  reduction  in  the  available 
stability  margin  is  shown  at  all  operating  rotor  speeds. 

5.  TIME -VARIANT  INLET  DISTORTION 

The  techniques  used  to  assess  the  effects  of  time-variant  distortion  on  compressor 
stability  are  similar,  in  concept,  to  the  techniques  used  for  steady-state  distortion, 
except  that  the  inlet-engine  test  environmental  conditions  are  assessed  over  "short" 
time-averaging  intervals  determined  to  be  critical  for  the  analysis  of  compressor 
response.  The  selected  time  interval  must  include  consideration  for  all  frequency  and 
amplitude  components  which  alter  compressor  stability  or  performance;  it  is  generally 
determined  by  selecting  an  "averaging  time"  which  will  correlate  the  compressor  response 
(i.e.,  loss  in  surge  pressure  ratio)  with  test  results  obtained  with  steady-state  distor¬ 
tion.  Time-averaging  intervals  corresponding  to  about  one-half  to  one  and  one-half 
engine  revolutions  are  determined  for  most  compression  systems  (Ref.  11). 

The  test  matrix  should  be  based  on  the  inlet  system  character istics  and  may  require 
consideration  for  several  "types"  of  time-variant  compressor  inlet  environments: 

1.  Random  frequency  pressure  fluctuations 

2.  Discrete  frequency  pressure  fluctuations 

3.  Composite  time-variant  pressure  patterns 

5.1  TEST  INSTALLATION  -  TIME-VARIANT  INLET  DISTORTION 

Testing  with  random  frequency  time-variant  pressure  fluctuations  can  be  conducted 
with  a  modified  direct-connect  installation  (Fig.  11).  A  critical  flow  convergent- 
divergent  nozzle  with  a  variable  position  centerbody  is  used  to  generate  random  frequency 
turbulent  flow  by  interaction  of  the  shock  wave  and  boundary-layer  systems  in  the  same 
manner  random  frequency  turbulence  is  generated  in  an  aircraft  inlet  system.  The  turbu¬ 
lence  level  is  increased  by  decreasing  the  nozzle  flow  area  which  increases  the  strength 
of  the  shock  system.  A  turbulence  attenuation  screen  located  downstream  of  the  turbu¬ 
lence  generator  may  be  used  to  impose  a  steady-state  distortion  pattern  on  the  random 
frequency  turbulent  flow  system.  The  random  frequency  generator  centerbody  may  be  offset 
to  obtain  asymmetric  distortion  patterns.  The  time-variant  distortion  characteristics  of 
the  random  frequency  turbulence  generator  are  similar  to  the  full-scale  inlet  character¬ 
istics  if  the  generator  is  designed  to  approximate  the  length/volume  characteristics  of 
the  aircraft  inlet  duct  from  the  inlet  throat  to  the  engine  face. 

Geometric  refinement  of  the  technique  may  be  used  to  simulate  specific  inlet  configu¬ 
rations.  The  random  frequency  generator  reported  in  Ref.  12  is  designed  to  produce  dis¬ 
tortion  patterns  which  are  similar  in  shape,  level,  and  dynamic  content  to  test  results 
obtained  from  two-dimensional  inlet  models.  Further  extension  of  the  test  technique  to  a 
semi-free- jet  system  permits  the  simulation  of  inlet  spillage  and  bleed  flows  forward  of 
the  engine  inlet  (Ref.  13). 

Discrete  frequency  pressure  fluctuations  can  occur  in  an  aircraft  inlet  duct  as  a 
result  of  inlet  instability,  such  as  buzz,  or  as  a  result  of  duct  resonances  (Ref.  14) . 
The  propagation  characteristics  of  a  discrete  frequency,  full-face  inlet  pressure  fluc¬ 
tuation  through  the  compressor  components  may  be  determined  using  discrete  frequency 
generators.  This  type  generator  is  an  effective  tool  for  evaluating  the  validity  of 
analytical  models  which  describe  the  dynamic  behavior  of  compressors. 

Several  types  of  discrete  frequency  generators  have  been  reported.  The  air jet  dis¬ 
tortion  generator  system  designs  reported  in  both  Refs.  8  and  9  have  discrete  frequency 
pressure  pulse  capabilities.  Test  calibration  results  of  a  discrete  frequency  generator 
designed  and  fabricated  at  the  AEDC  is  reported  in  Ref.  15.  The  generator  consists  of  a 
rotor  installed  between  matched  stator  assemblies.  The  output  frequency  of  the  generator 
is  remotely  controlled  by  varying  the  speed  of  the  rotor.  The  amplitude  of  the  pressure 
fluctuations  can  be  varied  by  changing  the  solidity  (blockage)  of  the  rotor-stator  assem¬ 
blies.  The  output  of  the  generator  at  discrete  frequencies  of  50,  100,  and  300  Hz  is 
shown  in  Fig.  12  as  the  normalized  peak-to-peak  total  pressure  variation  as  a  function  of 
f  requency . 

A  similar  design  concept,  the  Planar  Pressure  Pulse  Generator  (P-^G)  is  reported  in 
Ref.  16.  The  P^G  is  a  choked-flow  device  which  uses  a  single  stage  rotor  and  stator  com¬ 
bination  to  sinusoidally  modulate  the  minimum  area.  The  frequency  of  the  planar  waves  is 
controlled  by  the  r  tational  speed  of  the  rotor,  and  the  amplitude  of  the  waves  is 
governed  by  the  r  -  r- to-stator  spacing. 

Complete  propulsion  system  (inlet  and  engine)  testing  is  desired  to  evaluate  inlet- 
engine  i  r.teractions  prior  to  flight  testing  the  aircraft  system.  A  typical  inlet-engine 


test  installation  in  the  AEDC  Propulsion  Wind  Tunnel  Test  Facility  is  shown  in  Fiq.  13. 

The  AEDC  wind  tunnel  test  facilities  provide  the  capability  to  test  full-scale  mlot- 
emiine  installations  over  a  portion  of  the  desiqn  flight  envelope.  Currently,  evaluation 
of  pitch  and  yaw  conditions  is  somewhat  restricted  due  to  tunnel  blockage  considerations. 
In  addition,  the  current  wind  tunnel  facilities  do  not  have  the  capability  to  duplicate 
the  ful 1 -spectrum  engine  inlet  pressure  and  temperature  levels  experienced  in  flight. 

The  Aero  Propulsion  Systems  Test  Facility  (ASH'),  currently  scheduled  for  completion 
in  1983,  will  provide  a  significant  increase  in  turbine  engine  test  capabilities  at  the 
AEDC.  A  schematic  of  the  proposed  free  jet  propulsion  system  test  configuration  is  shown 
in  Fig .  14.  The  ASTF  is  designed  to  duplicate  inlet-engine  environmental  conditions  of 

lull-scale  propulsion  systems  over  the  design  flight  envelope  of  most  current  and  pre¬ 
lected  aircraft  system  designs. 

5.2  INSTRUMENTATION-TIME-VARIANT  INLET  DISTORTION 

High  frequency  response  instrumentation  systems  are  required  at  the  compressor  inlet 
station  (AIP)  to  define  inlet  environmental  conditions,  and  at  stations  within  the  engine 
to  determine  distortion  transfer  coefficients  and  component  response  to  time-variant  dis¬ 
tortion.  It  was  not  until  the  mid-sixties  that  the  time-variant  nature  of  total  pressure 
distortion  was  evaluated  quantatively  (Ref.  17).  Since  that  time,  significant  advances 
have  been  made  in  unsteady  total-pressure  measurements,  data  acquisition,  and  analysis 
techniques . 

High  frequency  response  total  pressure  measurements  require  flush  mounted  or  very 
close-coupled  pressure  transducers.  Selection  or  design  of  the  transducer/rake  configu¬ 
rations  requires  consideration  for  particle  impingement  and  thermal  environment  effects, 
aerodynamic  (angle  of  attack/yaw)  characteristics,  system  resonance  frequency  character¬ 
istics,  vibration  sensitivity,  and  structural  and  functional  integrity.  Absolute  pres¬ 
sure  measurements  are  generally  not  obtained  directly  from  high  frequency  transducers 
because  of  the  complex  calibration  systems  and  procedures  required  to  obtain  accurate 
measurement  with  currently  available  transducers.  High  accuracy  low  frequency  response 
(5  Hz) ,  " s teady-s ta te"  measurements  are  combined  with  the  lower  accuracy  but  high  fre¬ 
quency  response  of  the  "dynamic"  measurement  to  provide  absolute  "instantaneous"  pressure 
measurements.  The  high  response  transducer  location  in  the  probe  is  designed  to  avoid 
particle  impingement.  The  system  resonance  frequency  should  be  well  above  the  data  fre¬ 
quency  range.  Resonance  frequencies  on  the  order  of  five  times  the  highest  data  frequency 
are  generally  considered  acceptable  without  significant  degradation  in  the  test  results. 

Close-coupled  high  response  pressure  transducers  are  difficult  and  expensive  to  main¬ 
tain  in  the  high-temperature  environment  within  the  engine.  A  nonresonant  (infinite 
tube)  instrumentation  system  configuration  (Refs.  18  and  19)  which  maintains  the  desired 
frequency  response  characteristics  but  which  allows  locating  the  transducer  remotely  from 
the  severe  temperature  conditions  within  the  engine  is  an  attractive  alternate  configura¬ 
tion  for  some  data  requirements.  The  transducer  is  side  mounted  to  an  infinite  tube  (a 
continuous  tube  on  the  order  of  55  ft  long  extending  from  a  0 . 25-in . -diam  total  pressure 
robe)  as  shown  in  Fig.  15.  The  long  length  prevents  reflected  pressure  signals  from 
reaching  the  pressure  transducer.  The  transducer  is  readily  available  for  servicing  or 
inspection.  However,  analysis  of  the  phase  angle  characteristics  for  the  system  indicate 
significant  phase  angle  shifts  at  signal  frequencies  above  500  Hz. 

The  nonresonant  probe  system  will  serve  as  an  "event  indicator,"  e.g.,  a  system  for 
stall  initiation  detection,  for  engine  transient  measurements,  and  for  spectral  analyses 
from  single  probes.  The  system  is  not  suitable  for  measurements  where  phase  response  at 
high  frequency  (greater  than  500  Hz)  is  a  requirement.  Sizable  corrections  are  required 
in  determining  "instantaneous  distortion"  using  this  system  because  of  the  phase  lag 
characteristic. 

5.3  ANALYSIS  METHODS  -  TIME-VARIANT  INLET  DISTORTION 

The  analysis  methods  required  to  evaluate  stability  margin  with  time-variant  distor¬ 
tion  are  similar  to  the  basic  approach  discussed  for  steady-state  distortion;  however, 
more  sophisticated  data  handling  and  processing  methods  are  required  because  of  the  sig¬ 
nificantly  greater  data  volume  acquired.  High-frequency  response  data  requirements  from 
a  single  "data  record"  or  "test  condition"  may  be  greater  than  the  data  requirements  for 
a  complete  test  phase  requiring  only  steady-state  performance  measurements.  Rapid  data 
quality  authentication  and  data  compacting  techniques  are  clearly  necessary.  Real-time 
analog  processors  have  been  developed  (Refs.  20  and  21)  to  calculate  distortion  descrip¬ 
tors  which  may  be  used  to  identify  the  time  at  which  maximum  distortion  occurs.  For 
selected  test  conditions  of  interest,  short  time  segments  of  the  data  record  containing 
the  observed  analog  peak  distortions  may  then  be  digitally  processed  to  achieve  greater 
accuracy  than  available  from  the  real-time  processor  and  to  obtain  the  inlet-engine  pres¬ 
sure  profiles  at  the  times  of  the  peak  distortion  levels. 

Several  techniques  have  been  developed  to  assess  maximum  distortion  levels  with 
limited  high-frequency  response  instrumentation  and/or  with  minimum  data  (test  time) 
records.  Although  these  techniques  are  primarily  designed  for  use  during  inlet  develop¬ 
ment  programs,  they  may  also  be  used  during  test  assessments  of  full-scale  turbine  engines 
with  random  time-variant  inlet  flow  distortion.  Use  of  an  analysis  technique,  based  on 
extreme-value  statistics,  is  reported  in  Ref.  22.  The  technique  can  be  used  to  statisti¬ 
cally  predict  the  expected  maximum  distortion  level  corresponding  to  any  time  period  of 
inlet  operation,  including  estimates  of  the  prediction  tolerance,  from  a  short  time 
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segment  of  distortion  data.  Data  acquisition  time  periods  of  approximately  2  sec  may  be 
used  to  assess  maximum  distortion  levels  for  stationary  test  conditions. 

Other  techniques  which  address  the  analysis  of  time-variant  distortion  level  or  pat¬ 
tern,  or  the  loss  in  surge  pressure  ratio,  are  reported  in  Refs.  23  and  24. 

Typical  data  describing  instantaneous  distortion  characteristics  are  shown  in  Fig.  16. 
The  deviation  of  average  (spatial)  face  pressure  from  the  steady-state  value  (spatial  and 
temporal  averaqed)  provides  an  indication  of  in-phase,  full-face  pressure  variations. 

The  history  of  the  inlet  distortion  index  parameter,  Kq,  provides  a  tool  for  the  correla¬ 
tion  of  pattern  severity  with  duration.  The  distribution  function  data  shown  is  used  to 
statistically  represent  a  data  record  history  and  to  indicate  probability  of  obtaining 
desired  test  conditions  or  instantaneous  distortion  index  levels. 

6.  STABILITY  CERTIFICATION/QUALIFICATION  TEST  METHODOLOGY 

Engine  stability  certification  or  qualification  testing  is  required  to  provide  a 
demonstrated  quantitative  evaluation  of  stability  margin  at  specified  engine  and  environ¬ 
mental  conditions.  A  typical  format  illustrating  the  effects  which  may  require  con¬ 
sideration,  and  the  estimated  margin  allocations,  is  shown  in  Fig.  17  (Ref.  11).  A  num¬ 
ber  of  the  destabilizing  effects  are  directly  added,  while  others  are  statistical  in 
nature  and  are  combined  in  a  "Root  Sum  Squared"  (RSS)  method.  The  presently  accepted 
method  of  interpreting  the  assessment  is  to  add  directly  the  totals  of  the  direct  addi¬ 
tive  and  RSS  items  and  subtract  this  total  from  the  available  margin. 

The  margin  requirements  for  each  factor  of  the  assessment  must  be  derived  using 
stability  data  obtained  during  engine  development  prequalification  testing  in  conjunction 
with  qualification  engine  test  results;  qualification  test  engines  are  not  normally  sub¬ 
jected  to  intentional  surge  because  of  the  hazard  of  structural  damage  and  the  resulting 
unnecessary  delays  in  engine  qua  1 i f ica t ion  testing.  The  compressor  surge  line  and  total 
margin  requirements  must  be  determined  during  engine  development  and  prequalification 
testing  conducted  with  qualification  configuration  compressor  components.  Limited 
verification  of  the  operating  line  excursions  caused  by  the  primary  factors  such  as  con¬ 
trol  requirements  and  distortion  effects  may  be  obtained  during  the  qualification  test. 

In  addition,  enqine  operation  in  the  region  above  the  maximum  predicted  compressor  oper¬ 
ating  line,  but  below  the  predicted  surge  pressure  ratio,  should  be  accomplished  whenever 
practical . 

A  test  methodology  to  demonstrate  remaining  margin  is  illustrated  in  Fig.  18.  In  the 
example  shown,  an  equivalent  maximum  operating  line  is  established  to  account  for  the 
estimated  internal  effects  (engine  quality  and  deterioration)  margin  allocations  of  the 
stability  assessment.  By  using  the  equivalent  maximum  operating  line,  a  portion  of  the 
remaining  margin  (estimated  net  margin  to  assure  stable  operation)  can  be  demonstrated 
during  testing  (Fig.  19). 

7.  CONCLUSIONS 

The  results  of  testing  at  the  Arnold  Engineering  Development  Center  have  shown  that 
established  test  techniques  are  available  for  the  systematic  and  quantitative  assessment 
of  turbine  engine  stability  margin  on  a  building  block  concept.  With  defined  engine  and 
environmental  boundary  conditions,  engine  stability  can  be  assessed  in  the  same  quantita¬ 
tive  manner  that  steady-state  engine  performance  is  evaluated. 

A  test  matrix  rationale  has  been  established  for  the  systematic  acquisition  of  test 
data  to  define  the  stability  margin  of  current  augmented  turbofan  engines  as  a  function 
of  engine  operating  conditions  and  environmental  factors  which  are  representative  of 
engine  specification  requirements  and/or  inlet-engine  interface  conditions. 

Proven  steady-state  and  dynamic  pressure  measurement  systems  have  been  demonstrated 
which  are  compatible  with  the  total  operating  environment  with  a  quantity  and  placement 
rationale . 

An  inventory  of  proven  test  equipment  designs  has  been  established  which  permits  a 
building  block  concept  for  the  systematic  examination  of  different  phenomena  on  engine 
stability  margin. 

Component  loading  techniques  have  been  demonstrated  which  permit  matched  and  unmatched 
component  operating  line  excursions  with  a  standard  engine  configuration. 

Standard  data  analysis  methods  are  available  for  the  quantitative  assessment  of 
engine  stability  margin  and  for  the  definition  of  environmental  conditions  representative 
of  inlet-engine  interface  conditions. 

A  recommended  test  methodology,  applicable  to  inlet-engine  compatibility  certifica¬ 
tion/qualification  testing  requirements,  has  been  demonstrated. 
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Figure  1.  Cumulative  Representation  of  Degrading  Factors  on 
a  Compressor  Performance  Map 


Figure  2.  Typical  Test  Condition  Matrix  for  Investigation  of 
Altitude  and  Mach  Number  Effects  on  Stability 
Characteristics  of  a  Medium-Sized  Engine  (2-  to 
3-ft  Inlet  Diameter) 
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Figure  17.  Typical  Stability  Assessment  Format 


18.  Stability  Assessment  Test  Verification  Methodology 


Figure  19.  Test  Procedure  to  Demonstrate 
Available  Margin 


DISCUSSION 


P.F.Ashwood,  NCiTl  .  UK 

What  is  the  turbulence  level  in  a  direct-connect  test  installation  at  the  engine  lace,  and  does  the  choked  venturi 
air  measuring  device  cause  additional  fluctuation? 

Author's  Reply 

The  turbulence  or  time-variant-distortion  level  in  the  AlilK"  direct-connect  test  installations  is  on  the  order  of  one 
percent  or  less,  characterized  by  APrms/P^y(;  (0  700  II/)  at  the  engine  inlet.  This  is  the  target  level  for  uniform, 
steady  engine  inlet  How  quality  with  or  without  the  air  flow  measuring  venturi  installed. 
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SUMMARY 

To  assist  the  Canadian  Armed  Forces  In  resolving  engine  operational  problems  In  their 
CF-b  aircraft,  the  Engine  Laboratory  of  ‘he  National  Research  Council  of  Canada'  has  been 
conducting  extensive  steady-state  and  transient-performance  tests  on  .J  8L-CAN- lb  turbojet 
engines.  As  the  test  cell  was  originally  equipped  only  for  sea-level-static  steady-state 
tests,  Instrumentation  and  techniques  were  developed  to  monitor  and  record  exj erlmental 
data  rapidly  and  accurately  during  rapid-transient  engine  operation.  The  current  technique 
provides  report-quality  time-plots  and  compressor  operating  lines  Immediately  after  test, 
thus  permitting  rapid  assessments  of  engine  performance. 


INTRODUCTION 

During  the  early  part  of  the  seventies,  the  Canadian  Armed  Forces  acquired  the  CF-b 
fighter  aircraft,  a  modified,  Canadian-manufactured  version  of  the  Northrop  F5  (Figure  1). 
The  aircraft  is  powered  by  two  General  Electric  J85-CAN-15  turbojet  engines,  built  under 
license  by  Orenda  Limited.  Not  long  after  the  introduction  of  the  CF-5  Into  service, 
reports  of  in-flight  compressor  stalls  and  combustor  flameouts  were  received  from  the  ^ases. 
It  soon  became  apparent  that  the  problems  could  not  be  traced  simply  to  a  single  cause, 
and  In  197^  the  National  Research  Council  of  Canada  (NRCC)  was  approached  for  assistance. 

The  Canadian  Forces  and  NRCC  agreed  to  attack  the  problems  by  comparative  assessments 
of  different  engines,  engine  components,  and  engine  adjustments  during  various  transient 
power  manoeuvres,  under  sea- leve  1-s tat ic  conditions.  Since  the  Engine  Laboratory's  test 
cell  selected  for  the  test  program  was  then  instrumented  only  for  steady-state  testing, 
the  Instrumental  Ion  and  techniques  for  the  monitoring  and  reduction  of  transient  data  had 
to  be  developed. 

This  paper  provides  the  background  and  defines  the  requirements  of  the  test  program, 
and  specifically  discusses  the  evolution  of  the  transient  data  acquisition  and  reduction 
methods  and  instrumentation  to  the  present  state. 

PROJECT  BACKGROUND 

Description  of  Engine  and  Problems 

The  JBb-CAN-lt  is  a  single-spool  afterburning  turbojet  engine,  consisting  of  an  eight- 
stage  axial  flow  com&  ressor,  an  annular  combustor,  a  two-stage  turbine,  a  diffuser  casing, 
and  an  exhaust  section  (Figure  2).  A  variable-geometry  system  controls  the  angle  of  the 
compressor  Inlet  guide  vanes  and  the  position  of  two  interstage  compressor  bleed  valves  to 
provide  off-deslgn  compressor  stability.  The  exhaust  section  contains  an  afterburner 
terminated  by  an  infinitely  variable  exhaust  nozzle  that  Is  fully  modulated  throughout  the 
engine  operating  spectrum. 

Reports  of  operational  problems  with  the  engine,  experienced  at  Canadian  bases,  seemed 
to  fall  Into  certain  patterns.  For  one,  compressor  stalls  arid  combustor  flameouts  were 
reported  more  often  In  wintertime  than  In  summer,  leading  to  the  assumption  that  Internal 
engine  controls  did  not  respond  properly  to  low  ambient  temperatures.  Then,  a  batch  of 
engines  from  the  "new  production  series"  seemed  to  have  a  greater  stall  anu  flameout 
propensity  than  those  belonging  to  the  "old  production  series".  While  nominally  no 
differences  were  to  have  existed  between  trie  two  types,  the  Canadian  contractor  admitted 
to  certain  changes  lri  compressor  stator  material  arid  to  design  modifications  of  some 
components.  Finally,  more  problems  with  the  engine  were  encountered  by  the  training 
squadrons  than  by  the  operational  squadrons  at  each  base.  Hence,  the  type  of  manoeuvres 
flown  and  the  level  of  pilot  training  apf  eareij  to  have  some  Influence  on  the  occurrence  of 
engine  misbehaviour.  In  some  cases,  the  compressor  went  Into  stall  only  briefly,  recovering 
fairly  quickly,  while  In  others  the  main  com!  us!  •  >r  and/or  the  afterburner  flamed  out.  It 
was  against  this  background  that  the  1  rivst,  1  gat.  1  ve  programs  at  NRCC  were  planned. 

Engine  Test  Programs 

As  mentioned  earlier,  only  sea- leve  1-.- tat  1  c  test  capabilities  exist  at  ttie  Engine 
Laboratory,  NRCC.  This  limitation  precluded  any  Investigation  In  which  ah  engine  could 
be  subjected  to  simulated  flight  conditions,  under  which  the  Incidents  occurred.  Conse¬ 
quently,  It  was  decided  to  establish  through  comparative  testing  whether  a  particular 
engine  or  engine  group  was  more,  or  less,  stall  prone  than  another,  whether  a  new  component 
performed  better,  or  worse,  than  the  original  orie,  or  whether  a  particular  engine  adjust¬ 
ment  or  setting  would  be  beneficial  to  engine  performance. 
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.'ud.  a  dlv»-r:*,e  series  of  test  {  r  of:  rams  constant  ly  demanded  improvements  In  transient 
data  acquisition  equipment  and  techn]  qu'*s.  In  tn»*  following  sections  the  evolution  of  the 
sy.’ter.  i.:  tiriefly  traced,  from  the  rather  primitive,  mostly  manual,  data  reduction  methods 
l  ased  ..,n  simple  strlj-  chart  recordings ,  to  the  present  system;  we  have  greatly  increased 
t  h*‘*  accuracy  and  reliability  of  handling  transient  data  at  vastly  increased  speed,  due  to 
t  .he  virtual  elimination  of  manual  work  input. 

PKVKl.hPMEN?  •  J P  TRANSIENT  INSTRUMENTATION 

K n j?  1  n e  To  s  t  I  n  s  t  a  1 1  a  t  i  o n 

Th“  Engine  Laboratory's  No.  L>  test  cell  Is  a  straight-through  flow  type,  with  the 
test  section  measuring  L  n  h  m  in  cross  section  (Figure  3).  Sound  attenuation  is 
achieved  by  a  set  of  inlet-silencing  splitters  and  an  outlet  silencer.  The  test  engine 
is  mounted  on  a  frame  which  is  suspended  on  flexure  plates,  permitting  thrust  measurement 
by  means  of  a  hydraulic  or  electric  force  cell.  Direct  observation  during  a  test  run  is 
obtained  through  a  window  at  the  control  room  or  through  closed-circui t  television. 

Steady-State  Data  Acquisition  and  Reduction 

Prior  to  the  .J8h-CAN-lb  project.  No.  b  test  cell  was  instrumented  for  steady-state 
testing  only.  Instrumentation  consisted,  typically,  of  manometers,  pyrometers,  voltmeters, 
pressure  gauges,  and  digital  indicators  for  fuel  flow  and  gar.  temperature.  In  addition, 
the  engine  ope rat  jr  had  some  aircraft  cockpit  instruments  for  engine  operation,  rather  that, 
for  performance  monitoring.  Raw  data  were  recorded  manually  and  reduced  with!  the  help  of 
desk  calculators.  The  reduced  data  were  then  hand-plotted  for  analysis.  This  procedure 
was  quit*-  ac.jeqtabl*  as  long  as  the  volume  of  steady-state  testing  was  not  excessive. 

baric  Transient  Data  Acquisition  arid  Reduction  Requirements 

With  the  demand  for*  transient  engine  testing,  new  methods  for’  data  acquisition  and 
reduction  had  to  be  developed.  A  functional  overview  of  the*  data  reduction  problem  is. 
sr.own  in  Figure  4.  Information  from  the  engine  is  sent  to  the  visual  display  box,  which 
.-.as  two  functions.  On"  Is  to  provide  a  permanent  record  of  the  transient  data  and  the 
»-r  Is  to  :  r* ■  v I  i » •  steady-state  calibration  data  to  enable  subsequent  data  reduction, 
raw  t  ran.;  I  ent  !  i;f -rmat  1  on  nas  to  be  digitized  by  some  process,  either  manual  or 

•  l"ctronie,  tr.en  converted  to  basic  engineering  units,  using  the  signal  calibration  data. 
>-rtain  param'-tvrs  such  as  aerodynamic  flows  and  corrected  aerodynamic  speeds  are  also 
calculated  from  t ?.*•  basic  data.  Th**  final  results,  are  presented  in  the  form  of  time-plots, 
o ros s -plots,  arid  \  r  l  n tout, s  . 

ftrlp  heart  Record  i  ng/Manua  1  Re-duct  I  on  Tys  tem 

The  first  transient  data  acquis- 1 1 J  on  and  reduction  system  used  a  s.trlp  chard  recorder 
for  data  recording,  with  subsequent  data  reduction  done  by  hand .  The  ten  basic  variables 
to  be  measured  we* re  first  Identified,  then  wide  band  width  transducers  (e.g.  pressure, 
position,  force,  and  flow)  were  mounted  as.  close  t.<>  the  engine  as  possible  In  order  to 
obtain  high-frequency  r'-sq  ons**  signals.  Analog  volt  age* s  from  the  transducers  were  connected 
tor-ugh  s  I  gna  1  -cond  1 1 1  on  I  ng  circuitry  to  an  r  J  ght. -channel  and  a  two-channel  strip  chart, 
p.-sord'-r  to  provld"  analog  time  record:*  of  a  particular  transient  manoeuvre.  A  "blip” 
channel  'was  also  required  to  correlate  time  between  the  two  recorders.  Although  this 
rv-thod  supplied  a  reasonably  accurate  recor-d  on  paper*,  the  calibration  procedure  for 
r'-latlng  »*ng  I  rie<?r  1  rig  units,  to  voltage  levels,  on  the  strip  chart.,  and  the  subsequent  reduc¬ 
tion  of  time  braces  to  meaningful  engineering  quantities,  required  a  cons  I derab 1 e  amount  of 
manpower.  .'b-veral  transients,  each  typically  lb  seconds,  long,  were  produced  during  a  two- 
bour  t»*st  run;  the  data  reduction  of  each  transient,  then  took  approximately  two  man-days. 

If  during  the  course  of  a  test  a  transducer  produced  erroneous,  readings,  the  fault  often 
could  not  b"  recognized  until  the  data  were  actually  reduced.  In  many  Instances,  the  t  hue 
interval  between  test  and  data  analysis  precluded  a  repeat  test  at  the  same  env! ronmem.al 
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test  condition.  Although  those  data  reduction  methods  produced  fairly  accurate  results, 
they  were  vt-ry  laborious  and  presented  a  major  bottleneck  In  the  progress  of  the  program. 

The  solution  to  the  problem  war.  the  development  of  an  automated  data  reduction  system. 

Magnetic  Tape/Hybrid  Computer  System 

A  major  Improvement  to  the  ac  jul s 1 1 Ion/ reduct  ion  procedure  was  made  by  recording  the 
raw  Information  on  analog  magnetic  tape  and  processing  the  data  on  the  hybrid  computer 
facility  at  the  NKCC.  By  replacing  the  engine  block  In  Figure  if  with  F.M.  magnetic  tape, 
the  Information  flow  could  be  duplicated  on  a  hybrid  computer.  The  analog  portion  of  the 
hybrid  computer  contained  the  necessary  hardware  for  signal  conditioning,  data  display, 
and  A/D  conversion,  while  the  digital  portion  controlled  the  data  flow,  processing,  storage, 
and  printing.  Visual  display  of  the  data  from  the  magnetic  tape,  from  the  output  of  the 
signal  conditioning  box,  and  from  the  output  of  the  A/D  converter  block  was  essential  In 
order  to  ensure  that  the  data  from  the  tests  had  not  been  corrupted  by  the  reduction 
process.  The  software  package,  which  replaced  the  all-manual  activity  from  A/D  conversion 
down,  had  to  be  Interactive  and  easy  to  use,  and  had  to  be  perceived  by  the  users  as  doing 
functionally  exactly  what  they  had  done  by  hand. 


Program  Design 

Once  a  clear  understanding  of  the  data  reduction  process  was  obtained,  a  distinct 
program  design  phase  was  begun.  Functional  duties  of  the  program  were  mapped  out,  such  as 
reading  calibration  data,  generating  calibration  curves,  reducing  raw  data,  printing,  and 
plotting.  The  arrangement  of  data  structure  and  flow  of  data  between  the  major  program 
modules  Is  shown  In  Figure  6.  Each  rectangular  box  In  this  figure  indicates  a  major 
functional  module  of  the  program;  the  ellipses  represent  data  bases  that  are  handled  by 
the  various  blocks  of  code.  Because  most  of  the  problems  encountered  in  developing 
programs  of  this  sort  are  related  to  the  manipulation  of  data,  inspection  of  data  is  the 
only  possible  means  of  program  verification.  Therefore,  Figure  5  Is  a  critical  figure  In 
the  design  process;  a  great  deal  of  time  and  effort  was  expended  on  this  diagram,  to 
Insure  efficient  specification  of  data  base  structure  for  the  code.  A  clear  understanding 
of  the  kinds  of  data  being  handled  was  Imperative,  so  that  they  could  be  separated  Into 
different  groups  on  the  basis  of  their  physical  attributes.  For  example,  raw  data  from 
the  A/D  converters  are  distinguished  from  their  counterpart  In  reduced  engineering  terms, 
and  problem  constants  are  distinguished  from  scale  factors.  The  A/D  converters  are  a  form 
of  hardware  that  can  be  thought  of  as  locations  at  which  Information  can  reside,  i.e.  a 
data  base.  This  diagram  also  treats  the  human  operator  as  another  data  base. 


The  human  operator  provides  the  source  of  program  control  by  interacting  with  the 
executive.  Each  functional  block  Is  a  separate  subroutine,  and  control  Is  always  returned 
to  the  executive  upon  completion  of  a  task.  The  executive  then  Interrogates  the  operator 
as  to  his  next  desired  function.  Upon  receipt  of  the  information  from  the  human  operator, 
the  executive  then  schedules  that  task  and  control  Is  transferred  to  that  block  of  code. 
Some  argument  took  place  among  the  program  designers  concerning  the  feasibility  of  com¬ 
pletely  automating  this  process.  However,  It  seemed  Imperative  that  control  of  the  data 
reduction  process  remain  in  human  hands.  This  technique  allows  the  operator  to  inspect 
specific  results,  stop  the  program  at  any  point,  or  return  to  and  repeat  a  previously 
completed  function.  Also,  the  selection  of  particular  transient  runs  Is  made  easy  because 
the  human  operator  has  manual  control  of  the  tape  recorder.  In  this  way,  transients  that 
had  been  discarded  by  test  personnel  could  be  disregarded  by  the  data  reduction  people 
before  they  wasted  valuable  human  and  machine  time  trying  to  reduce  them.  For  these 
reasons,  program  control  remained  with  the  operator. 

Signal  Conditioning  Problems 


Two  types  of  signal  corruption  were  encountered  while  developing  this  program. 

Figure  6  shows  an  example  of  both  of  these  forms  of  corruption.  Figure  6a  illustrates  the 
noise  that  appears  on  magnetic  tape  for  various  reasons.  It  may  be  caused  by  noisy 
instrumentation  or  difficulties  with  recording  the  information  on  magnetic  tape.  The 
second  form  of  data  corruption  is  shown  in  Figure  6b.  It  is  an  Inaccuracy  known  to  test 
personnel  and  Is  caused  by  the  large  dynamic  range  of  the  required  instrumentation.  At  low 
flow  conditions  the  output  of  flow-measuring  devices  such  as  turbine  wheels  becomes 
somewhat  oscillatory,  the  frequency  of  which  Is  dependent  on  the  flow  rate. 


Appropriate  signal  conditioning  had  to  be  developed  to  handle  these  two  different  forms 
of  data  corruption.  The  analog  portion  of  the  hybrid  computer  provides  a  very  flexible 
design  tool  for  developing  signal  conditioning  circuits.  The  availability  of  strip-chart 
recorders  and  display  scopes  for  monitoring  the  results  of  the  signal  conditioning  provided 
invaluable  Insight  Into  the  design  process.  White  noise  on  a  particular  channel,  for 
example,  was  easily  eliminated  by  using  low  pass  filters.  The  varying  frequency  hunting 
that  was  exhibited  by  the  flow  measurement  was,  however,  a  much  more  difficult  problem  to 
solve.  Here,  the  solution  was  found  by  reviewing  the  way  data  reduction  had  been  Initially 
handled  by  hand.  Because  the  oscillation  was  a  known  characteristic  of  the  measuring 
device,  the  person  reading  the  raw  data  from  the  strip-chart  recorder  output  simply 
smoothed  out  the  data  by  eye.  Because  the  frequency  depends  upon  flow  rate  It  followed 
that  this  characteristic  could  be  removed  automatically  by  using  some  form  of  adaptive 
filtering;  however.  In  this  particular  case,  because  the  level  of  fluctuation  dropped 
: harp  1 y  once  the  throttle  lever  was  advanced.  It  was  decided  simply  to  begin  the  record  of 
the  transient  only  after  motion  of  the  throttle  lever  was  detected. 
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If  the  frequency  of  noise  la  discernible  and  not  randomly  generated ,  It  la  Important 
to  determine  whether  the  noise  Is  a  real  phenomena  of  the  engine,  a  function  of  the  sensor, 
or  some  other  cause.  One  Interesting  example  of  signal  conditioning  occurred  in  the 
measurement  of  engine  thrust.  A  strong  18  Ha  signal  was  measured  from  the  thrust  transducer 
when  the  engine  was  operated  at  high  power.  As.  this  frequency  was  1  ri  the  hand  width  of 
Interest  ,  a  low  pass  filter  with  a  low,  sharp  cut-off  frequency  could  riot  he  used. 

Secondary  engine  Indicators  such  as,  nozzle  position  did  not  correlate  to  the  thrust 
oscillation.  Investigation  with  a  frequency  analyzer  showed  that  the  thrust  bed  was 
ringing  at  Its  own  natural  frequency  or  18  Hz.  The  solution  to  this  noise  problem  was.  first 
to  stiffen  up  the  thrust  frame  thereby  Increasing  Its  natural  frequency  to  30  Hz,  then  to 
remove  the  remaining  noise  with  a  six-pole  filter  set  to  a  cut-off  frequency  of  Hz. 

Data  Compression 

The  second  major  step  In  the  development  of  this  program  was  In  designing  a  m'-thod 
for  compressing  data  from  the  transient  records.  Data  compjresslon  was  necessary  for 
several  reasons.  Dome  transients  were  slow-throttle  manoeuvres  from  a  condition  of  engine 
idle  u;  to  maximum  thrust  over  quite  long  periods  of  time  (up  to  60-100  seconds  to  complete 
the  manoeuvre).  Other  tests  involved  throttle  bursts  from  part  power  to  full  power,  which 
were  completed  In  as  little  as  S  seconds.  Figure  7  shows  a  typical  trace  that  had  to  be 
handled  i.v  the  software  for  data  reduction.  This  figure  shows  that  data  acquisition  based 
on  a  fixed  time-step  size  was  not  a  very  efficient  use  of  either  the  computer  time  nor  the 
storage  space  available.  Also,  data  peaks  or  dips  could  be  missed  if  the  sample  rate  was 
not  sufficiently  high. 

A  system  for  data  compression  that  considered  a  tolerance  between  the  current  reading 
and  the  previous  reading  for  each  channel  of  information  being  processed  was  developed.  If 
the  difference  between  these  two  readings  was  within  the  tolerance,  the  information  was 
discarded.  If,  however.  It  exceeded  the  tolerance,  the  new  information  was  stored  together 
with  the  value  of  time  at  that  point.  Many  trade-offs  In  efficient  use  of  storage  with 
this  technique  are  possible.  If  time  is  maintained  as  a  separate  record  for  each  channel 
of  information,  the  tolerances  could  be  used  to  compress  each  channel  of  information  to  Its 
minimum.  This  procedure  would  of  course  require  the  storage  of  an  array  of  time  points 
for  each  channel  of  information.  If,  however,  any  particular  channel  could  trigger  the 
storage  of  the  current  reading  of  all  channels,  then  a  single  record  of  time  for  all 
channels  could  be  stored.  For  our  engine  tests,  it  was  quite  efficient  to  allow  any 
channel  to  trigger  the  storage  of  the  current  reading;  therefore  we  maintained  a  single 
time  record.  If,  however,  one  were  to  encounter  a  wide  difference  in  frequency  content 
between  the  signals  being  processed,  separate  records  of  time  should  be  maintained,  if  not 
for  each  channel,  then  at  least  for  separate  frequency  bands. 

Once  tne  logic  of  the  data  compression  techniques  was  established,  the  tolerances 
were  tuned  to  provide  adequate  representation  of  the  transient  data  without  storage  of 
excessive  information. 

Instrument  Calibration 

Substantial  effort  was  expended  In  ensuring  accurate  calibration  of  the  instrument¬ 
ation.  In  the  hostile  environment  of  a  gas  turbine  engine,  deterioration  and  shifts  In 
transducer  calibration  caused  by  vibration  and  temperature  fluctuations  are  expected. 
Therefore,  complete-system  calibrations  were  done  at  the  beginning  of  each  day  of  testing, 
using  the  engine  as  the  signal  source  for  all  the  sensors,  and  a  final  check  was  made  at 
the  end  of  the  test.  Steady-state  readout  instruments,  calibrated  independently  on  a 
regular  basis,  were  used  for  on-line  calibrations.  Before  reducing  the  data  obtained 
between  these  calibration  runs,  the  calibration  points  were  plotted  using  a  least -a  juares 
curve  fit  of  the  data  and  compared  against  previous  tests.  A  typical  Instrument'  -  1 nn- 
cal ibrat Ion  plot  is  shown  In  Figure  8.  The  curve  obtained  from  the  current  callbi  v  .on 
points  was  compared  to  the  previous  fit  to  monitor  the  condition  of  the  Instruments.  The 
figure  shows  two  classes  of  error  that  have  been  encountered  In  the  course  of  testing 
engine;;.  The  first.  Is  the  occasional  "bad  point",  obtained  when  the  .human  operator 
misreads  a  gauge,  or  when  a  voltage  spike  appears  on  the  data  transmission  lines.  The 
second  is  a  DC  shift  of  the  output  occurring  sometime  during  the  course  of  the  test;  It 
results  In  a  major  deviation  of  all  the  calibration  test  points.  This  kind  of  error 
usually  Indicates  a  major  fault  In  an  instrument.  Such  Information  Is  crucial  to  the 
quality  of  the  final  test  results  and  depends,  largely  on  visual  treatment  of  the  data  by 
people  with  extensive  experience. 

The  development  of  software  for  use  as  a  tool  by  an  experienced  Individual  required 
a  clear  picture  of  the  tasks  involved  as  perceived  by  the  user.  Obviously,  the  system 

had  to  be  able  to  generate  a  curve  fit  to  the  data  points,  using  a  procedure  that  provided 

the  same  degree  of  visibility  as  previous  hand  techniques.  The  calibration  curves  could 
then  be  reviewed  relative  to  the  data  from  which  they  were  generated.  A  mechanism  to 
remove  bad  points  as  well  as  to  recover  original  data  In  case  the  wrong  point  was 
removed  was  also  required.  The  piece  of  software  accordingly  developed  fitted  a  curve  to 
tie-  raw  data  obtained  from  the  magnetic  tape.  This  routine  provided  digital  plotting  of 
both  t he  data  and  the  curve,  with  the  option  of  either  automatically  removing  the  worst 
point,  relative  to  the  curve,  or  selecting  specific  points  that  the  operator  wanted 

removed .  Tills  module  proved  to  he  a  powerful  tool  and  was  used  with  ease  by  persons 

totally  unfamiliar  with  computers.  It  also  provided  rapid  feedback  to  the  test  personnel 
concerning  instrumentation  problems  or  reading  errors,  that  occurred  during  the  tests. 
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The  ivu’ij-i  :c  !  upe/h.vt  ri  i!  computer  method  <  >  r  data  acqu  1 s  1 1  1  on  arid  reduction  decreased 
t  Pt  ■  pr  .  o*  s.- I  np  r  i  rn-  for  each  t  ran:' d  ent  from  two  man-day:;  to  IS  minutes.  [low'-vr,  computer 
t  I  me  -  ::  r  hybrid  system,  located  Iri  another  1  a!  orat  ory ,  Sad  to  So  scheduled  a  week  1  ri 
advance.  An  tier  drawback  wan  tin-  K.M.  tapo  recorder ;  it  was  limited  in  the  number  of 
input  chants  In,  and  wan.  pilto  cumbersome  to  carry  back  and  forth  between  laboratories  on 
a  rvgu  1  :ir  1  an-  i  n- . 

Because  t  t."  o  n;  of  digital  computer:’  .had  decreased  substantially  since  the  project 
wan  Initiated,  tin  Engine  Laboratory  decided  to  install  a  dedicated  ml  nicomf  uter-based 
data  aoquls.it  ion  system  In  No.  b  cell.  Hardware  components  were  purchased  that  achieved 
functionally  trie  name  things  as  did  the  magnetic  tape/hybrid  computer.  Even  the  software, 
which  was  written  in  Fortran  IV  for  the  hybrid  computer,  was  directly  transferable  with 
minimum  change.  The  name  decree  of  operator  interaction  designed  Into  the  hybrid  computer 
system  was  retained  an.  a  desirable  feature,  but  the  workload  was  reduced  by  eliminating 
trie  need  for  a  tape  recorder.  The  layout  of  the  hardware  is  shown  In  Figure  9 .  Ail  com¬ 
ponents,  with  the  exception  of  the  X-Y  plotter,  were  purchased  from  the  Digital  (Equipment 
Corporation.  Figure  y  shows  two  separate  computers:  a  PDPll/Oj  connected  to  an  X-Bus, 
and  a  P DP  11/3^-  AH  the  data  acquisition  and  processing  Is  controlled  by  the  PDP11/03, 
which  is  located  in  No.  j  cell,  while  plotting  and  printing  Is  done  with  the  BDP11/31*, 
which  resides  In  a  central  location  within  the  laboratory.  Reduced  data  can  be  displayed 
on  the  video  terminal  In  No.  U  cell  several  seconds  after  a  transient  has  been  recorded, 
to  confirm  that  all  transducers  are  operating  satisfactorily.  The  reduced  data  are 
stored  on  magnetic  floppy  disks  that  are  manually  carried  to  the  PDP11/31!,  from  which 
time-plots  and  cross-plots  are  generated.  Figure  10  is  a  photograph  of  the  PDP11/03 
minicomputer  boxed  in  the  large  cabinet  containing  the  data  acquisition  subsystem,  the 
video  terminal,  and  the  floppy  disk  drive.  Figure  11  shows  the  test  cell  control  panel. 

The  instruments  for  operating  the  engine  are  to  the  left,  the  steady-state  readout 
instruments  In  the  centre,  and  the  signal  conditioning  equipment  to  the  right.  The 
manometer  bank  on  the  extreme  right  remains  mainly  for  posterity,  but  it  is  still  used 
to  calibrate  the  low-range  pressure  transducers. 

PRESENTATION  OF  RESULTS 

A  digital  drum  plotter,  an  analog  X-Y  plotter,  and  a  line  printer  were  available  as 
media  upon  which  to  present  results  of  the  data  reduction  process.  Generating  printouts 
of  the  time  histories  of  the  reduced  data  was  first  thought  to  be  a  major  use  for  the 
data  reduction  package;  however,  the  usefulness  of  these  data  was  limited.  The  printout 
only  provided  the  test  engineers  with  a  check  on  the  quality  of  the  data  relative  to 
runs  previously  done  without  the  aid  of  a  computer.  A  package  was  developed  to  auto¬ 
matically  scale  the  results  and  plot  them  individually  on  the  drum  plotter  as  a  function 
of  time.  This  routine  produced  acceptable  results;  however,  It  remained  a  relatively  slow 
method.  A  second  package  was  developed  for  plotting  results  on  the  X-Y  plotter  through 
D/A  converters,  with  scaling  established  by  coefficients  in  the  input  data  set.  The  time 
required  to  plot  results  by  this  method  was  limited  only  by  the  response  of  the  plotter. 

By  plotting  five  or  six  traces  on  a  piece  of  preprinted  paper,  we  could  obtain  a 
complete  time  history  of  the  engine  In  a  matter  of  several  minutes.  In  addition,  the 
cross-plots,  displayed  In  the  form  of  compressor  operating  lines,  provided  a  useful 
method  for  assessing  engine  performance.  Figure  12  shows  one  of  these  plots.  Parts  a 
and_h_of  Figure  12  are  time  histories  of  the  measured  and  computed  engine  variables, 
beginning  with  the  initial  movement  of  the  power  lever  angle.  Only  6.8  seconds  of  data 
are  plotted,  tut  approximately  12  seconds  of  data  are  stored.  The  operator  can  easily 
;  lot  all  the  data,  If  desired,  but  usually  only  the  first  5  or  6  seconds  of  the  transient 
i r  interest.  For  cross-plots,  as  for  example  the  compressor  operating  line  in 
Figure  12c,  all  the  data  points  are  usually  plotted,  but  again,  the  quantity  of  data 
displayed  Is  under  the  operator's  control. 

The  number  of  data  points  required  to  produce  a  12-second  time-plot  of  this  quality 
1  :■  7  :'i  samples  per  trace.  The  sample  rate  Is  set  at  90  scans  per  second.  Therefore  for 
a  12-second  time-trace,  1080  data  points  would  be  needed;  however,  the  data  compression 
technique  reduces  the  data  storage  requirements  by  380  samples  per  trace. 

One  of  the  operational  problems  the  Canadian  Forces  commonly  encounter  is  a  high 
Incidence  of  compressor  stalls  during  cold  weather.  An  Illustration  of  stall  margin 
degradation  as  a  function  of  compressor  Inlet  temperature  (CIT)  is  shown  in  Figure  13. 

B.<th  the  steady-state  and  transient  operating  lines  move  toward  the  reference  stall  line 
ao  trie  Inlet  air  temperature  decreases.  This  upward  shift  was  readily  measurable  even 
though  the  CIT  difference  was  only  6.2°C.  This  example  Illustrates  the  resolution  that 
can  be  obtained  with  the  data  acquisition  system.  The  production  of  report-quality  plots 
Immediately  aft  -r  each  engine  test  series  has  greatly  reduced  the  time  required  for 
evaluating  the  effect  f  engine  modifications  on  engine  performance. 

CONCLUDING  REMARK. 

(1)  A  test  cell  at  tie-  Engine  Laboratory  has  been  equipped  to  accurately  te:  the  relative 
performance  of  gas  turbines  undergoing  rapid  changes  In  transient  power  levels. 

(2)  A  software  package  has  been  developed  that  Is  highly  flexible  and  easy  to  use,  with  the 
added  advantage  of  being  transferable  to  any  other  computer  that  accepts  Fortran  Language. 
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FIG.  5.  PROGRAM  DATA  FLOW 
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FIG.  6(a):  EXAMPLE  OF  RANDOM  NOISE  IN  DATA 


FIG.  6(b):  EXAMPLE  OF  KNOWN  INACCURACY  IN  DATA 


FIG.  7:  DATA  COMPRESSION  BASED  ON  MAXIMUM  ALLOWABLE  VARIATION 


FIG.  8:  TYPICAL  INSTRUMENT  CALIBRATION  PLOT 
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FIG.  9:  LAYOUT  OF  DATA  ACOUISITION/PROCESSING  SYSTEM 


FIG.  12(a):  POWER  TRANSIENT  -  IDLE  TOMAX  A/D 
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FIG.  13:  COMPRESSOR  PRESSURE  RATIO  w.  CORRECTED  AIR  MASS  FLOW 
EFFECT  OF  INLET  TEMPERATURE  ON  COMPRESSOR 
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Summary 

Experimental  verification  in  the  laboratory  is  a  vital  link  between  the  aeromechanical 
design  and  integrity  validation  processes.  Based  on  this  premise,  this  paper  offers 
insights  into  the  practical  application  of  experimental  aeromechanical  procedures  and 
establishes  the  process  of  valid  design  assessment,  avoiding  highly  theoretical 
approaches  and  concepts.  The  procedures  include  methods  used  in  design  verification, 
pre-test  preparation  and  instrumentation.  Examples  are  given  of  typical  classes  of 
vibratory  behavior  and  their  sensitivities  to  both  engine-system  variables  and  in- 
service  and  flight  environment  effects.  The  paper  further  illustrates  that  early 
systematic  explorations  of  these  variables  are  necessary  to  establish  these  sensitiv¬ 
ities  and  provide  adequate  margins  for  long  service  life. 

Introduction 


Increasing  diversity  in  the  application  of  modern  aircraft  and  missions  has  resulted 
in  an  expanded  spectrum  of  power  plant  designs  and  requirements.  As  a  result,  advanced 
technology  has  been  required  to  provide  energy  efficient  systems  with  long-term 
reliability.  These  expanded  requirements  primarily  affect  the  turboblading  components 
(fans,  compressors,  turbines)  of  turbojet/f an/shaf t,  variable  cycle  engines  and  their 
related  augmentation  systems.  Such  requirements  have  not  only  escalated  the  complex¬ 
ities  of  turboblading  design  configurations,  but  require  serious  consideration  of 
extended  and  variable  operational  environments  of  both  the  immediate  and  the  potential 
growth  flight  regimes. 

An  evaluation  of  aeromechanical  behavior  must  consider  practical  operational  effects 
and  sensitivities,  including  aircraft  manuever  and  flight  transition  distortion,  and 
the  integrated  effects  of  a  number  of  other  variables,  including  variable  geometry, 
bleed,  power  extraction,  operating  line,  and  other  engine  and  inlet  transient  conditions, 
such  as  those  associated  with  environmental  and  weapon  delivery  gas  ingestion.  The 
long  range  effects  of  deteriorations,  foreign  object  damage,  airfoil  erosion  and 
potential  control  malfunctions  also  need  to  be  addressed.  Predictions  of  vibratory 
responses,  fundamental  mode  instability  margins,  and  surge-induced  stresses  are  not 
yet  adequate  to  eliminate  the  need  for  experimental  validation  of  these  effects. 

Overall  experience,  guided  by  aeromechanical  fundamentals,  serves  to  establish  systematic 
design  verification  procedures  with  considerations  given  to  the  total  engine  system. 

Design  Verification  in  the  Experimental  Laboratory 

Certain  key  parameters  are  influencing  the  design  of  modern  high  performance  gas 
turbines.  In  fan  and  compressor  blading,  the  design  trends  are  being  dictated  by 
increased  tip  speeds,  relative  mach  number,  lower  radius  ratio,  and  fewer  stages. 

The  resulting  design  trends  are  moving  toward  thin,  highly  twisted,  low  aspect-ratio 
turboblading  with  attendent  complex,  high,  steady-state  stresses,  increased  exposure 
to  adjacent  stage  passing  frequency  resonance  and  decreased  fatigue  resistance  to 
foreign  object  damage.  The  result  has  been  unique  geometry  configurations,  such  as 
the  integral  blade/disk  configurations  (blisks).  While  life-cycle  cost  efficient  in 
small  sizes,  blisks  have  limited  the  frequency  and  damping  control  options.  Similar 
trends  exist  in  turbine  blading  but  are  further  complicated  by  increased  inlet  and 
cooling  temperatures  that  result  in  thin-walled,  complex  cooling  passage  designs. 

These  factors  require  an  efficient  iterative  design  process  with  aerodynamic,  mechan¬ 
ical  and  aeromechanical  disciplines,  but  more  importantly  the  resulting  hardware 
requires  detail  design  verification  by  experimental  laboratory  test  procedures. 

Verification  of  design  intent  is  established  by  test  and  comparison  of  the  following 
characteristics  with  pre-design  calculations  and  criteria: 

1.  Frequency  and  Nodal  Patterns  (Mode  Shape) 

2.  Steady  State  and  Vibratory  Stress  Distributions 

3.  Fatigue  Strength 

4.  Structural  Strength  (Weak-Link  Determination) 

These  data  are  also  used  to  establish  the  vibratory  limits  of  various  modes  from  a 
single  airfoil  strain  gage  in  subsequent  component  or  engine  development  tests. 

1 .  Frequency  and  Nodal  Patterns 

Of  first  priority  is  to  determine  the  natural  frequencies  and  mode  shapes  of  all  the 
modes  that  have  potential  resonances  over  the  engines  entire  operating  range.  While 
a  variety  of  standard  test  techniques  are  available,  including  holography,  what  is 
experimentally  important  is  establishing  statistical  data  on  frequency  deviations 


resulting  from  manufacturing  tolerances  in  order  to  verify  resonant  margins  with 
respect  to  the  extreme  frequency  blading.  Assesment  of  the  natural  frequencies  and 
their  statistical  deviations  can  also  be  indicative  of  general  manufacturing  quality. 
Careful  consideration  in  duplicating  boundary  conditions  is  required  as  it  significantly 
can  affect  the  basic  frequencies  and  statistics.  Circumferential  variations  in  boundary 
conditions  are  usually  found  in  the  stator  vanes.  In  some  cases,  frequency  "tuning" 
is  more  effective  by  modifying  the  boundary  conditions.  Such  boundary  conditions 
referred  to  include  flexible  shanks  and  other  attachments,  disk  rims,  stator  vane 
platforms  and  supplementary  shrouding. 

2 .  Steady  State  and  Vibratory  Stress  Distribution 

In  order  to  establish  the  allowable  vibratory  stress  of  a  vibrating  turboblade  in  a 
given  mode,  it  becomes  necessary  to  determine  both  the  complex  steady  and  vibratory 
stress  distribution  and  relate  the  critical  stress  from  the  material's  Goodman  diagram 
to  the  stress  of  the  generally  located  airfoil  strain  gage  (see  reference  1).  The 
critical  stress  in  certain  modes  may  occur  in  the  shank,  attachment,  shroud,  or  other 
locations  of  the  structure.  Special  experimental  tests  may  be  required  to  establish 
these  critical  locations  and  the  relative  structural  strength. 

The  experimental  stress  distributions  sought  have  generally  been  obtained  by  applying 
large  quantities  of  miniature  strain  gages  over  the  airfoil  surfaces  and  at  a  special 
location  predetermined  (by  fatigue  test)  to  be  a  critical  stress  point. 

a.  Steady-state  stress  distributions  are  obtained  by  generating  stress  influence 
coefficients  from  unit  radial  load,  bending  and  twisting  moments,  and  applying  the 
pre-calculated ,  running  loads  and  moments.  Full  scale  spin-pit  tests  are  sometimes 
employed  for  steady  stress  distributions,  but  are  restricted  to  local  zones  due  to 
limitations  in  read-out  capability.  Three-dimensional  photoelastic  techniques  have 
significantly  extended  the  evaluation  of  steady-state  stresses  in  greater  detail  of 
the  entire  structure.  The  technique  consists  of  replicating  models  from  actual 
parts.  The  assembled  photo-elastic  cascade  is  then  rotated  at  equivalent  speeds  at 
which  point  the  strains  are  "frozen"  by  a  cycle  of  heating  and  cooling  (see  reference 
2) .  Such  models  have  recently  been  used  to  evaluate  stress  levels  in  the  attachment 
and  the  airfoil  with  particular  attention  given  to  the  shroud  location. 

b.  Vibratory  stress  distributions  are  obtained  from  the  same  matrix  of  strain 
gages  by  exciting  the  airfoil  in  each  mode  of  interest  to  a  sufficient  amplitude.  An 
obvious  limitation  of  this  procedure  resides  in  its  inability  to  yield  the  correct 
stress  distribution  for  the  mode  operating  under  centrifugal  field  forces,  which  can 
be  significant  for  certain  modes.  Full  scale  spin-pit  testing  has  been  used,  but  has 
the  same  restrictions  noted  as  before. 

Recent  advances  in  efficient  finite  element  programs  have  been  utilized  to  calculate 
natural  frequencies,  nodal  patterns,  steady-state  and  vibratory  stress  in  complete 
airfoil  structures  including  attachments  and  shrouds.  With  pre-  and  post-  processors 
and  with  suitable  adjunct  programs,  allowable  vibratory  limits  can  be  established 
analytically  which  correlate  well  to  the  available  experimental  data  and  which  can 
help  overcome  the  experimental  limitations  of  spin-pit  testing  noted  above. 

3 .  Fatigue  Strength 

Design  verification  of  manufactured  turboblading  fatigue  strength  becomes  increasingly 
important  with  current  design  trends  in  geometry  and  stress.  Some  factors  that  can 
significantly  reduce  fatigue  strength  include: 

a.  Forging  Grain  Size  -  Recent  tests  with  large  integral-bladed  titanium  blisks 
show  fatigue  strength  reduction  that  is  A-ratio  dependent: 

A  =  “  10-15%  where:  A  =  vibratory  stress/steady  stress 

. 5< A< 1 . 0  30-50% 

b.  Foreign  Object  Damage  (F.O.D.)  -  Typical  in-service  FOD  occurs  predominantly  at 
the  airfoil  leading  edge  and,  in  many  cases,  in  regions  of  high  tensile  stresses. 

For  these  cases,  replication  of  typical  notches  and  tears  need  to  be  assessed  with 
the  steady  state  stress  present. 

c.  Corrosion  (Intergranular  Attack)  -  The  effect  of  this  well-organized  problem 
for  certain  unprotected  alloys  has  been  to  reduce  fatigue  strength  as  much  as  50-60%. 

As  these  three  illustrative  examples  show,  static  fatigue  tests  at  A  =  ■  are  not 
sufficient  to  evaluate  all  aspects  of  material  fatigue  strength.  Specifically  struc¬ 
tured  tests  must  be  conducted  to  establish  allowable  vibratory  fatigue  limits. 

Under  conditions  of  stall/surge,  turboblading  structures  can  be  subjected  to  overstress 
in  excess  of  2-3  times  the  material's  fatigue  strength  limiting  the  engine  to  a 
finite  number  of  stalls  that  can  be  tolerated.  Generalized  behavior  in  this  high 
amplitude  fatigue  range  exists  (reference  3),  but  critical  stages  may  require  specific 
verification  of  overstress  capability.  The  technique  consists  of  determining  crack 
initiation  at  various  overstress  ratios.  Specific  applications  are  discussed  later. 
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4 .  Structural  Strength 

Just  as  certain  factors  can  reduce  a  material's  fatigue  life,  there  are  also  certain 
geometric  and  mechanical  configurations  which  can  reduce  its  structural  strength.  These 
need  to  be  evaluated.  Examples  include  stress  concentrations  in  the  transition  regions 
of  the  partial  chord  support  spindles  of  variable  stators,  cooling  holes  in  turbine 
buckets,  and  fillets  of  dovetail  attachments.  Low  fatigue  strength  of  brazed  or  welded 
joints  is  also  a  structural  strength  factor.  In  the  total  turboblade  structure,  its 
lowest  structural  strength  member  is  called  its  "weak-link."  Laboratory  tests  need  be 
aimed  at  verifying  that  "weak-link"  and  evaluating  its  relative  magnitude. 

Engine/Component  Instrumentation 

Once  testing  in  the  experimental  laboratory  has  verified  that  the  design  intent  has 
been  satisfied,  the  next  step  in  the  development  process  is  to  evaluate  the  aero- 
mechanical  design  integrity  by  early  and  extensive  component  and/or  full  engine 
testing . 

The  prime  objectives  of  this  phase  are  to  define  and  perform  systematic  explorations 
that  can  evaluate  and  minimize  vibratory  stress  responses  and  establish  adequate 
margins  with  respect  to  such  responses  for  long  life  in-service  applications.  Such 
tests  are  performed  in  conjunction  with  aerodynamic  performance  mapping,  which  when 
combined  require  operating  the  component  over  a  wider  range  of  extremes  than  in 
normal  service.  As  a  result,  a  great  deal  of  pre-test  preparation  and  instrumentation 
is  necessary  to  ensure  the  vehicle's  safety  through  effective  on-site  interpretation 
of  the  aeromechanical  data. 

1 .  Strain  Gages 

Strain  gages,  mounted  to  the  vibrating  airfoil,  have  long  been  the  primary  aeromechanical 
sensor,  since  its  electronic  signature  contains  the  severity  of  vibration  (amplitude)  of 
a  given  mode  (frequency) .  Moreover,  its  characteristic  wave  form  is  the  result  of  the 
airfoil's  response  to  instantaneous  flow  field  and  is  indicative  of  the  mechanism  of 
vibration.  Limitations  in  application  do  exist,  however. 

a .  Quantity 

In  order  to  minimize  the  total  quantity,  each  gage  must  be  responsive  to  more  than 
one  mode.  Approximately  3-4  strain  gage  locations  per  stage  are  required  for  proper 
evaluation  of  the  first  6-8  modes.  Assuming  4  gages  per  location  for  evaluating 
blade-to-blade  variation  and  strain  gage  mortality,  a  10  stage  compressor  would 
require  120-160  strain  gages!  The  problem  is  somewhat  alleviated  by  judicious  selec¬ 
tion  based  on  anticipated  mode/stimulus  responses  and/or  multiple  builds/tests.  Even 
machines  with  fewer  stages,  such  as  1-3  stage  fans  and  turbines,  still  require  large 
quantities  of  gages  in  order  to  give  statistically  significant  assessment  of  the 
vibratory  limits.  Turbines  with  interblade  mechanical  dampers  are  notorious  for 
their  large  blade-to-blade  variation  and  gage  mortality. 

b.  Performance  Effects 


Usingolarge  quantities  of  strain  gages,  particularly  conventional  high  temperature 
(>400  F)  gages  and  small  size  units,  causes  a  measurable  loss  in  performance.  Recent 
advances  in  miniaturization  and  thin  film  gages  are  alleviating  this  problem. 

2 .  Light  Probes 

The  emerging  technologies  in  the  light  probe  systems  (see  reference  4)  have  proven  to 
be  invaluable  as  a  supplement  to  the  strain  gage  in  measuring  non-syncronous  vibration 
of  every  rotor  blade  in  the  stage.  This  is  of  particular  value  in  detecting  instabilities 
where  there  is  a  high  degree  of  circumferential  response  variability.  The  system's  current 
limitation  is  its  inability  to  measure  the  syncronous  (resonance)  vibration  of  each  rotor 
blade,  particularly  of  the  higher  order  modes. 

3 .  Aerodynamic  Instrumentation 

As  indicated  earlier,  concurrent  aerodynamic  and  aeromechanical  mapping  is  conducted. 

The  aerodynamic  mapping  requires  inter-stage  total  temperature  and  pressure  instrumenta¬ 
tion  which  is  generally  mounted  on  the  static  vane  cascades.  In  a  particular  case, 
the  internal  distortion  produced  by  the  circumferential  spacing  and  axial  superposition 
of  wakes  has  caused  resonant  vibratory  stress  responses  in  the  aft  stages  that  exceed  the 
the  endurance  limits.  Subsequent  removal  of  the  vane-mounted  aero  instrumentation 
eliminated  the  vibratory  response.  Miniaturization  in  aerodynamic  instrumentation  is 
required  to  eliminate  such  problems  in  development  testing. 

4 .  Supplemental  Instrumentation 

Correlation  of  certain  component  or  engine  parameters  or  structures  to  turboblading's 
vibratory  characteristics  can  provide  valuable  insights  to  identify  and  attenuate  the 
forcing  mechanisms.  Pre-test  considerations,  for  example,  might  include  instrumentation 
to  detect  and  correlate  the  shaft  and  bladed-disk  torsional  vibration  with  the  fuel 
and  combustor  pressure  fluctuations  resulting  from  the  fuel  pump  vane  passing  frequency. 

A  simple  strain-gage  torsion  bridge  on  the  shaft  and  a  fuel  manifold  pressure  pick-up 


is  indicated.  Incidentally,  a  simple  fix  for  resonances  of  these  systems  is  a  change 
in  the  number  of  vanes  in  the  fuel  pump.  Bearing  cage  accelerometers  have  supplemented 
diagnosis  of  blade  vibration  resulting  from  interacting  tip  rubs  and  non-syncronous 
rotor  whirl.  Similarly,  strain  gaging  of  fan  casings  have  been  used  to  detect  traveling 
waves  in  the  structure  interacting  with  blade  tip  rubs. 

These  are  but  three  examples  from  a  long  list  of  supplemental  instrumentation  and 
data  that  requires  more  attention  in  aeromechanical  evaluation. 

Obviously,  simply  strain  gaging  blades  is  not  enough.  To  fully  understand  and  diagnose 
vibration  problems  a  wide  range  of  supplementary  data  must  be  taken,  including  at 
least  the  following: 

a.  Rotor  Speeds  (N-^Nj) 

b.  Inlet  Pressure/Temperature  <pT2'tt2* 

c.  Variable  Geometry  Position  (where  applicable* 

d.  Exhaust  Nozzle  Position  (Ag) 

e.  Starting/Customer  Bleed  Position  (where  applicable) 

f.  Output  Torque 

g.  Discharge  Temperature  (Tg,Tg) 


Data  Monitoring  and  Data  Acquisition 
1 .  Slip  Rings  and  Telemetry 

Slip  rings  and  telemetry  systems  are  used  to  transmit  strain  gage  signals  to  external 
monitoring  and  acquisition  systems.  A  brief  survey  of  typical  slip  ring  capabilities 
is  given  for  comparison  with  requirements  indicated  earlier. 


Stage 

Capac 

Diameter 

Speed 

Number  o 

(in. ) 

(RPM) 

70 

5000 

100 

24 

15000 

50 

16 

20000 

50 

7 

50000 

8 

4.5 

75000 

6 

3.5 

100000 

4 

Telemetry  packages,  necessary  for  monitoring  core  rotors  in  two  spool  designs,  have 
been  limited  to  20-24  gages  for  the  space  and  environment  available  in  speed  ranges 
up  to  20000  RPM. 

Generally,  these  capabilities  have  been  adequate  for  the  larger  machines  and  single- 
stage  components.  However,  urgent  development  is  required  to  increase  capacity  for 
the  small  engine  sizes  (diameters  less  than  16"). 

2 .  Monitoring  Equipment 

Since  the  electronic  signature  of  the  strain-gaged  vibrating  airfoil  contains  the 
nature  of  the  aerodynamic  flow  field,  the  forcing  function  mechanism  (aerodynamic, 
mechanical  or  both)  and  uhe  response  severity,  the  monitoring  aeromechanical  engineer's 
prime  tasks  include: 

•  Providing  insights  into  the  a'^odynamic  characteristics  of  the  component  and 
their  sensitivities  to  the  teoc  variables  which  contribute  to  on-line  optimiza¬ 
tions,  explorations  and  general  test  guidance. 

•  Insuring  vehicle  safety,  particularly  in  off-design  testing,  by  overriding 
operational  control  and  returning  the  unit  to  a  pre-determined  safe  operating 
point. 

In  order  to  accomplish  these  tasks,  the  test  facility  must  provide  an  aeromechanical 
monitoring/recording  complex,  integrated  with  the  operational  control  station,  consist¬ 
ing  of  the  following  equipment: 

a .  Oscilloscopes 

A  high  density  array  of  miniature  oscilloscopes  (approx.  2"  x  3")  is  required  for 
displaying  each  strain  gage  signal  as  an  overall  signature  of  amplitude  and  wave 
form.  Sweep  triggering  at  1/rev  aids  in  establishing  the  existence  of  non-integral 
order  vibration.  An  experienced  engineer  can  monitor  approximately  16-24  signals. 
Switching  arrangements  are  necessary  to  parallel  any  desired  signal  to  a  master 
oscilloscope  and  spectral  frequency  analyzer  for  more  detailed  analysis. 
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b .  Spectral  Frequency  Analyzer 

The  natural  frequencies  of  the  airfoils'  modes  and  their  individual  amplitudes  that 
constitute  the  overall  signal  is  determined  here.  With  memory  capabilities,  trends 
in  amplitude  and  mode  involvement  are  apparent  with  slow  transients. 

c .  Fast  Fourier  Transform  Analysis 

Currently,  soft-ware  systems  have  been  utilized  for  modal  analysis  as  described  above 
which  plot  the  results  on  Campbell  diagrams.  More  significantly,  recent  advances 
utilize  the  system  to  synthesize  and  display  wave  forms  and  frequencies  of  signals 
generated  by  the  light  probe  system  (see  reference  5). 

d .  Oscillographs 

Turboblading  fatigue  cracks  and  failures  can  occur  during  cumulative  stall  testing  in 
that  surge-related  stresses  can  exceed  2-3  times  endurance  limits  for  brief  encounters. 
By  applying  amplitude  and  cyclic  duration  of  the  surge  events  to  material  overstress 
and  high-amplitude  fatigue  characteristics,  an  estimate  of  expended  life  and/or 
fatigue  degradation  can  be  made  (reference  3) . 

The  high  speed  oscillograph  record  provides  the  time-history  events  of  stall,  and 
generally  requires  playback  immediately  following  each  event. 

e .  Recorders 

Obviously,  with  such  instrumentation  generating  invaluable  data,  magnetic  tape 
recorders  are  mandatory  for  post-test  detail  data  reduction  and  analysis.  For 
correlation  purposes,  simultaneous  recording  of  the  supplemental  instrumentation  with 
strain  gages  is  required. 

Facilities 


Successful  design  verification  of  development  engine/components  requires  validation 
of  adequate  vibratory  stress  response  margins  such  that  the  production  units  be  free 
from  fatigue  when  operated  over  a  wide  range  of  inlet  pressures  and  temperatures  set 
by  the  flight  map  (see  appendix).  Specific  air-frame  induced  inlet  distortions, 
including  the  effects  of  crosswinds,  transition  of  vectored  thrust  aircraft,  and 
thrust  reverser  operation  (see  reference  6) ,  also  need  to  be  examined. 

Additionally,  such  stress-response  margins  can  be  diminished  by  certain  engine- 
related  variables  that  range  from  typical  in-service  tolerances,  transient  behavior 
and  deterioration  to  control  and  system  malfunctions.  The  corollary  to  this,  however, 
is  that  these  variables  can  be  used  to  maximize  stress-response  margins  and  thereby 
provide  growth  potential  for  the  unit. 

1 .  Typical  Engine  Variables 

The  prime  variable  in  the  development  of  compressors  and  fans  is  the  variable  geometry 
system  in  which  each  stator  stage  is  independently  variable  with  the  key  objective  of 
optimizing  stator  vane  scheduling  for  both  aerodynamic  and  aeromechanical  matching 
over  a  wide  range  of  operating  conditions.  Additionally,  systematic  explorations  are 
aimed  at  determining  the  need  for  and/or  minimizing  the  number  of  variable  stages. 

At  the  same  time,  this  unique  aeromechanical  exploration  of  the  variable  geometry 
system  provides  a  means  for  investigative  extreme  cascade  migration,  individually  or 
ganged,  to  establish  limiting  stress  responses  or  stall  margins.  Similar  objectives 
are  achieved  with  independent  control  of  such  variables  as  exhaust  area,  by-pass 
ratio,  bleed  and  power  extraction.  In  full  engine  testing,  transient  speed  excursions 
(bursts/chops)  affect  the  maximum  range  in  operating  line.  System  thermal  lags 
during  bursts  and  chops  precipitate  tip  rubs  for  aeromechanical  evaluation.  Introduc¬ 
tion  of  contaminants  duplicating  long  service  flow  deterioration  establishes  cleaning 
requirements  based  on  the  limiting  vibratory  responses  caused  by  this  mechanism  of 
cascade  migration. 

2 .  Test  Plant  and  Facilities  Requirements 

The  fundamental  objectives  of  the  test  plant  are  to  provide  inlet  and  discharge 
environments  of  pressure  and  temperatures  consistent  with  the  flight-envelope  or 
discharge  conditions  of  the  low  pressure  system  when  evaluating  core  compressors. 
Separate  control  of  these  variables  is  desirable  for  systematic  tests  but  emergency 
reset  to  "safe"  regimes  should  also  be  provided.  In  new  component  rigs  and  for 
special  explorations  in  full  engines,  sub-ambient  inlet  pressures  to  approximately 
1/4  to  1/2  atmosphere  precludes  overstressing  during  initial  check-out  procedures. 

Special  considerations  for  inlet  distortion  testing  could  range  from  simple  distortion 
generating  screens  to  subjecting  complete  nacelles  to  actual  crosswinds  and  thrust 
reverser  flow  reingestion. 

For  turbo-shaft  engines,  systematic  aeromechanical  mapping  of  the  power  turbine  is 
best  conducted  by  holding  constant  gas  generator  speeds,  smoothly  loading  and  unloading 
the  output  shaft  affecting  a  torque-speed  "sweep".  In  this  manner,  resonances  can  be 
evaluated  as  a  function  of  torque.  A  dynamometer  of  appropriate  size  is  required. 
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The  above  are  illustrative  examples  of  test  techniques  and  the  rationale  of  utilizing 
the  supplementary  instrumented  variables  indicated  for  both  the  engine  or  component 
and  the  plant  facility.  Specific  examples  of  the  vibratory  stresses  and  their  sensi¬ 
tivities  to  the  variables  and  indicated  solutions  are  given  later  in  this  paper. 


Vibration  Signature  Analysis 

It  has  been  emphasized  that  the  character istic  signature  of  a  strain-gaged  vibrating 
airfoil  is  its  response  to  the  instantaneous  surrounding  flow-field  in  which  it  is 
immersed.  As  such,  it  is  indicative  of  not  only  the  severity  of  the  mode(s)  involved 
but  also  the  mechanism  of  vibration  causing  it. 


by  assessing  only  amplitudes  of  the  models)  and  their 
experience  has  shown  that  interpretation  of  wave- 
response  and  sensitivities  to  the  variables  explored, 
an  integrated  aerodynamic,  aeromechanica 1  and  mechanical 
on-line"  diagnosis  and  remedial  actions  as  indicated. 


Vehicle  safety  might  be  insured 
potential  combinations;  however, 
forms,  with  their  time-history 
has  contributed  importantly  to 
development  process  by  providing 

Turboblading  vibration  can  be  classified 
forms  given  in  Table  1  (a-m) . 

_ CATEGORY _ 

1.  Resonance  (Forced)  Vibration 

•  Aerodynamic 

•  Mechanical 

•  Combined  Modes 

2.  Flow  Induced  (Aerodynamic)  Vibration 

•  Separated  Flow 

•  Rotating  Stall 

•  Surge 

3.  Self  Excited  (Flutter)  Vibration 


into  three  main  categories  with  typical  wave 


TABLE 

la,b 

lc 

ld,e, f 


lg ,  h 
li 


lk , 1  ,m 

Key  characteristics  supplementing  the  wave  forms  of  Table  1  are  jiven  here  for  purposes 
of  illustrating  typical  diagnostic  interpretations. 

1 .  Resonances 


All  resonances  are  typified  by  frequencies  that,  when  in  proximity  to  peak  resonance 
response,  will  be  exact  multiples  of  rotor  speed  and  "track"  with  slight  rotor  variations. 
There  are  three  basic  kinds  of  resonance  which  must  be  considered:  aerodynamic,  mechani¬ 
cal,  and  combined. 


a .  Aerodynamic 

While  Table  la  is  an  example  of  responses  due  to  wakes  from  an  8-strut  frame,  Table 
lb  is  unique  in  that  the  response  is  the  7th  harmonic  of  a  1/rev  stimulus  caused  by  a 
reversed  stator  vane  segment.  (The  design  was  a  12-segment  banded  stator  vane  configura¬ 
tion  in  which  one  of  the  12  segments  was  misassembled . ) 


b.  Mechanical  Resonance 


Mechanical  resonance  due  to  tip-rubs  is  indicated  by  gable  lc.  Inspection  of  the 
wave  form  shows  two  rub  spots  exist  approximately  134  apart. 

Total  system  damping  is  obtainable  from  the  decay  in  the  wave  forms.  Introduction  of 
such  an  impulse  stimulus  has  been  used  to  determine  the  total  damping  of  cantilevered 
compressor  blades.  Typical  values  of  log  decrements  in  the  first  flexural  mode  range 
from  5%  to  8%. 


Other  examples  of  stimulus  sources  that  cause  potential  resonances  include  adjacent 
blade  or  vane  passing  frequencies,  fuel  nozzles  in  combustors,  starting  gear  tooth 
passing  frequencies,  partial  entry  turbine  air- impingement  starters  to  name  but  a  few. 

c .  Combined  Resonances 

Combined  mode  wave  forms  are  self-explanatory  as  indicated  in  Tables  ld-lf.  It  might 
be  of  design  interest  not  to  design  blading  whose  second  to  first  mode  frequency 
ratio  is  4:1  when  potential  stimuli  exist  at  4:1  (such  as  4  front  frame  struts  and  16 
inlet  guide  vanes.) 

2 .  Flow  Induced  (Aerodynamic)  Vibration 

This  type  of  vibration,  referred  to  as  "separated-f low  vibration,"  is  characterized 
by  non-periodic  amplitude  modulation  in  the  fundamental  modes  at  their  natural  frequen¬ 
cies,  independent  of  rotor  speed.  The  mechanism  is  separation  and  re-attachment  of 
flow.  Increasing  severity  increases  both  amplitude  and  amplitude  modulation  until 
the  cascade  develops  a  rotating  stall  and  propagates  surge.  This  typical  progression 
is  shown  in  Tables  lg-lj.  The  slip  speed  of  the  rotating  stall  is  estimated  at  approxi¬ 
mately  45%  of  rotor  speed. 
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Turbobladinq  response  to  surqe  is  of  special  importance  since  the  mechanism  (see 
reference  7)  results  in  brief  but  damaqingly  high  overstress  ratios.  Table  Ij  gives 
specific  characteristics  of  surqe  responses,  such  as  pulse  frequency,  mode,  overstress 
ratio  and  cascade  damping  which  governs  stress  duration. 

3  .  Sel  f-F.xcited  Vibration 

By  far  the  most  destructive  type  of  vibration  encountered  in  turboblading,  self- 
excited  (flutter)  vibration  is  characterized  by  subtle  indications  of  onset  and 
explosive  amplitude  build-up  to  levels  that  can  approach  2-3  times  endurance  limits. 
Frequencies  correspond  to  the  natural  frequency  at  onset  and  are  independent  of  rotor 
speed.  In  some  cases,  we  note  frequency  suppression  in  the  order  of  5-8%  as  entrainment 
progresses.  Such  a  controlled  sequence  is  shown  in  Tables  lk-lm. 

An  instability  boundary  by  definition  is  the  locus  of  zero  total  damping  of  the 
cascade  in  a  given  mode.  Consequently,  one  should  logically  expect  that  mode's 
resonant  peak  amplitude  to  increase  dramatically  when  in  close  proximity  to  that 
boundary.  This  characteristic  has  been  used  to  assess  proximity  to  instability  by 
making  small  speed  excursions  and  noting  the  systematic  increase  in  peak  resonant 
response. 


Illustrative  Experiences  in  Aeromechanical  Experimental  Verification 

Prediction  of  the  vibratory  responses  in  forced  vibration,  instability  margins  and 
surge  related  stresses  are  presently  inadequate  due  to  the  extreme  complexities  in 
adequately  defining  aerodynamic  flow  fields,  forcing  functions,  total  damping  and 
non-steady  aerodynamic  coefficients  over  a  wide  range  of  operating  conditions,  particu¬ 
larly  at  significantly  off-design  conditions  where  experience  indicates  most  of  our 
problems  lie.  Furthermore,  the  prognosis  for  short  range  developments  that  may 
preclude  the  need  for  experimental  design  verification  is  poor.  Such  developments 
will  best  be  utilized  in  guiding  the  advanced  technology  engine  designs.  In  the 
foreseeable  future,  systematic  design  verifications  will  need  to  be  continued  and 
improved,  utilizing  existing  data-bank  experiences. 

In  an  attempt  to  guide  that  experimental  data  bank,  we  give  illustrative  experiences 
gained  at  General  Electric  during  the  past  25  years  related  to  three  general  topics: 

Resonant  Vibration 
Self-Excited  Vibration 

Surge  Overstress  and  Fatigue  Capability 

An  attempt  is  made  to  consider  practical  gas-turbine  designs  and  operational  effects 
that  have  caused  problems  and  to  establish  effective  fixes  but,  more  importantly,  to 
establish  the  variables  required  in  aeromechanical  experimental  verification. 

1 .  Resonant  Vibration 

It  is  not  possible  to  avoid  resonance  for  multi-moded  airfoils  in  multi-stimuli, 
variable  speed  machines.  Current  methodology  for  minimizing  resonant  response  is 
through  the  following  approaches: 

Frequency  Control/Stimulus  Selection 
Stimulus  Control  and/or  Attenuation 
Internal  Distortion  (Harmonic  Content) 

Damping  and  Structural  Strength 

Typical  examples  of  implementing  these  approaches  are  given  in  Table  2,  which  provides 
the  relative  risks  and  trade-offs  in  accepting  certain  resonant  potentials.  One 
needs  to  rank  the  modes  of  vibration  assuming  the  consequences  of  fatigue  in  order  to 
assess  relative  risks.  As  shown  in  Figure  1,  a  Damage  Severity  Criteria  is  established 
for  compressor/fan  blading  with  implications  and  impact  given. 

a .  Illustrative  Examples 


•  Frequency  Control/Stimulus  Selection 

Here  we  consider  a  design  or  perhaps  a  redesign  approach  after  tests  have  indicated 
such  necessary  action  is  required.  Figure  2  depicts  two  methods  of  avoiding  resonance. 
The  first  example  assumes  the  airfoil  frequencies  are  known  and  resonance  is  avoided 
by  selecting  (or  changing)  the  excitation  stimulus  to  nl/rev  or  n3/rev.  The  second 
example  considers  designing  the  appropriate  adjacent  blade  rows  with  the  required 
aspect  ratio  to  avoid  the  rotor  or  stator's  first  two-stripe  (1-2S)  panel  mode  resonance 
with  its  adjacent  row's  passing  frequency.  Based  on  current  solidity  trends,  we  find 
this  criterion  to  be  met  when  the  ratio  of  the  blade  to  stator  aspect  ratio  is 
approximately  0.6. 

•  Stimulus  Control  and/or  Attenuation 


During  development  it  is  sometimes  expedient  and  cost-effective  to  accept  a  potential 
resonance  provided  its  stimulus  can  be  attenuated  so  as  to  reJuce  vibratory  responses 
to  acceptable  levels.  Such  is  the  case  in  the  following  example  shown  in  Figure  3. 
Figure  3a  illustrates  the  configuration  of  a  damperless  high  pressure  turbine  design 
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with  its  original  5  equally  spaced  T5  harness  probes.  Shown  in  the  Campbell  diagram 
ot  Figure  ib  is  the  5/rev  first  flexural  frequency  margin  provided  in  the  original 
design.  Production  versions  required  improved  T5  harness  correlation  by  converting 
to  a  7-probe  configuration  which  has  a  potential  7/rev  resonant  response  at  approximately 
9J>  of  design  speed. 

A  strain  gage  instrumented  test  in  which  the  variables  of  operating  line  and  probe 
axial  location  was  conducted  based  on  prior  experience  with  discharge  struts.  As 
shown  in  Figure  3c,  the  resonant  response  was  reduced  to  acceptable  levels  by  increased 
axial  positioning  of  the  probes,  the  mechanism  at  work  being  pressure  field  attenuation 
with  axial  distance  as  indicated  in  Figure  3d. 

•  Internal  Distortion  (Harmonic  Content) 

Table  lb  shows  that  a  resonant  response  can  be  excited  by  a  single  discrete  pulse. 

More  generally  a  resonant  stress  response  is  dependent  on  the  harmonic  content  of  the 
circumferential  distortion  patterns.  In  the  example  presented  in  Figure  4,  the 
internal  circumferential  distortion  pattern  was  caused  by  aerodynamic  vane-mounted 
probes  producing  a  superpos i tioning  of  upstream  distortion  wakes.  This  figure  sequen¬ 
tially  illustrates  the  reasoning  and  rationale  of  the  test  events.  During  the  first 
excursion  to  maximum  speed,  an  excessive  12/rev  f irst- f lexural  response  occurred  at 
14700  RPM.  Upon  detail  playback,  nearly  all  integer  n/rev  responses  were  noted  in 
groupings  of  6,  with  12/rev  being  the  highest  response,  as  illustrated  in  Figure  4a. 

Because  the  differential  in  number  of  upstream  stator  vanes  was  12  and  they  were 
heavily  instrumented  with  the  aerodynamic  probes,  a  Fourier  analysis  of  the  combined 
wakes  was  made  and  compared  with  experimental  data  as  shown  in  Figure  4b.  The  obvious 
solution  was  the  removal  of  the  probes  which  eliminated  the  responses  as  shown  in  the 
12/rev  response  of  Figures  4c  and  4d. 

Earlier  applications  of  this  approach  can  be  found  in  reference  6  with  regard  to 
responses  due  to  multiple  disengagement  of  variable  stator  vanes. 

•  Damping  and  Structural  Strength 

When  frequency  control  and  stimulus  attenuation  cannot  be  used  effectively,  damping 
can  be  a  powerful  design  tool.  Three  sources  of  damping  exist: 

i.  Material  Damping:  The  hysteretic  damping  of  materials  used  in  modern  turbo- 
bladiug  ranges  from  0.5  to  1.5%  log  decrement  (600>Q>200) . 

ii.  Aerodynamic  Damping:  The  amount  of  aerodynamic  damping  is  generally  dependent 
on  the  mode  and  state  of  condition  of  the  working  fluid.  Some  data  are  currently 
being  evaluated  for  effects  of  cascade  migration.  Typical  experience  with  total 
damping  for  various  modes  is  as  follows: 

MODE  %  LOG  DECREMENT 

IF  4-8 

IT  2-3 

2F  .5-1.5 

2T  1-3 

1-2S  .5-1.0 

Note :  Since  most  of  these  data  were  derived  from  integral  blade-disk 

configurations,  mechanical  damping  is  assumed  zero.  Damping  data  of 
axial  dovetail  designs  appear  to  fall  in  the  same  range. 

111.  Mechanical  Damping:  Perhaps  the  most  effective  means  of  controlling  resonant 
response  is  mechanical  damping.  The  following  example  describes  a  growth  step  redesign 
for  production  that  was  limited  by  design  constraints  from  utilizing  beneficial 
frequency  and/or  stimulus  control. 

The  general  design  configuration  is  shown  in  Figure  5  along  with  its  Campbell  diagram. 
Note  that  the  extreme  frequencies,  based  on  platform/dovetail  boundary  conditions, 
are  shown.  The  interblade  phasing  during  resonance  establishes  the  intermediate 
frequencies  shown  (and  provides  the  mechanical  damping)  with  4/rev  resonance  existing 
near  design  speed.  In  other  cases  effective  tuning  can  be  achieved  by  appropriate 
shank-damper  designs.  Figure  6  schematically  represents  the  bench  test  optimization 
procedure  and  resulting  4/rev  engine  response.  Figure  6a  depicts  the  configurations 
tested  with  the  prime  variables  being  damper  relief  angle  and  loading.  Note  that 
structural  strength  improvement  was  also  introduced  by  thickening  the  shank  in  con¬ 
figuration  2.  Some  earlier  testing,  along  with  external  literature  (see  reference 
8),  suggests  that  damper  load  is  the  prime  variable  governing  damper  effectiveness. 

We  find,  however,  that  damper  angle  is  significantly  more  important,  as  shown  in 
Figure  6b.  Engine  test  results  of  configuration  2  are  shown  in  Figure  6c.  ’’’he 

production  version  of  configuration  2D  reduced  that  engine's  stress  response  to 
s  levels  within  the  range  of  our  composite  turbine  bucket  stress  response  experience 

shown  in  Figure  6c. 

Similar  effective  damping  control  of  resonant  response  applied  in  compressors  is 
shown  in  Figure  7.  After  initial  development,  it  became  possible  to  "lock"  the 


:.v> 


initially-designed  variable  vane  simply  by  installing  a  lock-plate  and  nut  which 
"hard-mounts"  the  vane  into  the  casing. 

Tests  of  this  configuration  revealed  the  existence  of  a  significant  response  in  a 
high-order  torsion  mode  which  exceeded  endurance  limits  at  approximately  97%  fan 
speed.  Adding  a  simple  Teflon  bushing,  which  "soft-mounts"  the  spindle  in  the  casing 
and  thus  provides  torsional  damping  reduced  the  responses  to  negligible  levels. 

b.  Resonant  Response  Sensitivities  to  Engine  Variables 

Because  the  integrated  gas  turbine  variables  are  subject  to  transient  deviation  in 
actual  service,  experience  has  shown  that  specific  tests  need  to  be  conducted  to 
evaluate  resonant  response  with  respect  to: 

Variable  Geometry  Systems 
Flight  Map  Environment 
Compressor  Interstage  Bleed 
Output  Torque 

The  following  examples  not  only  show  the  significant  effect  of  these  variables  on 
resonant  response,  but  also  suggest  the  test  facilities  required  to  analyze  them. 

•  Variable  Geometry  System 

Corrected  speed  (N/»e)  governs  the  tracking  of  a  variable  geometry  stator  system 
utilizing  a  temperature  sensing  element  in  the  compressor  inlet  as  shown  in  Figure  8. 
Resonance,  however,  occurs  at  a  given  physical  speed  for  which  the  variable  geometry 
can  vary  depending  on  local  ambient  temperature.  Since  temperature  environments  can 
vary  significantly,  this  sensitivity  can  be  thought  of  as  an  ambient  temperature 
sensitivity.  Figure  9  shows  the  systematic  exploration  of  this  mechanism.  A  stage  1 
stator  Campbell  diagram  shows  potential  passing  frequency  resonance  with  its  upstream 
rotor  1  and  dowgstream  rotor  2  passing  frequency  stimuli  at  94  and  85%  physical 
speed.  On  a  59  F  standard  day,  the  V.G.  position  at  those  conditions  are  24%  and  73% 
closure,  respectively,  as  shown  in  Figure  9b.  Stress  responses  passing  through  these 
speeds  are  32%  and  28%  of  endurance  limits.  By  opening  and  closing  the  V.G.  tracking 
through  mechanical  biasing,  a  maneuver  which  simulates  lower  and  higher  inlet  tempera¬ 
tures,  the  response  is  mapped  as  shown  in  Figure  9c.  Two  important  conclusions  are 
noted  here: 

i.  Lower  inlet  temperatures  (and  opened  schedules)  tend  to  increase  stress 
response.  Fixing  this  stator  in  the  open  position  would  be  unacceptable. 

ii.  Contrary  to  intuitive  reasoning,  the  downstream  rotor  generates  the  more 
significant  resonant  response  amplitudes. 

•  Flight  Map  Environment  -  Inlet  Pressure  &  Temperature 

Extending  the  previous  example  to  include  the  effects  of  inlet  pressure  in  the  flight- 
maps'  pressure  and  temperature  regime,  we  now  recognize  the  need  to  test  for  pressure 
or  density  effects  at  constant  corrected  speed  (constant  Tt2)  in  order  to  maintain  a 
constant  variable  geometry  position  over  the  pressure  range  tested.  Figure  10  illus¬ 
trates  these  points,  noting  that  in  vacuo  (p/p  =  0),  vibratory  stress  is  zero.  We 
find  that: 

,>v',(p/p0)  !  .  ..n  being  mode  and  density  dependent 
where :  .  5  '  r  • 1.0 

•  Compressor  Interstage  Bleed  Effects 

Interstage  bleed,  generally  provided  for  customer  use,  anti-icing  air,  cooling  and/or 
sump  pressurization,  can  be  an  effective  exploratory  variable  in  that  it  can  alter 
the  matching  of  upstream  and  downstream  stages,  affect  the  operating  line,  and  be  a 
powerful  influence  on  turboblading  stress-response,  as  shown  in  Figure  11. 

During  development  of  the  original  design  (Figure  11a),  second  torsional  mode  responses 
with  respect  to  the  adjacent  rotor  passing  frequency  were  excessive  and  could  only  be 
reduced  by  an  overall  operating  line  reduction.  Interestingly,  the  stage  4  stator 
row  bleed  caused  unloading  of  stage  3  and  loading  of  stage  5.  Minimizing  responses 
to  100%  endurance  limits  with  10%  bleed  was  the  best  that  could  be  achieved,  resulting 
in  a  redesigned  third  and  fifth  stator  by  tuning  and  avoiding  the  passing  frequency. 

As  indicated  in  Figure  lib,  attempts  to  shut  off  stage  4  interstage  bleed  to  sump 
pressurization  requirements  (1-2%)  caused  the  stage  4  stator  response  to  increase 
rapidly,  leading  to  a  final  redesign  to  avoid  the  32/rev  passing  frequency. 

•  Output  Torque  Dependency  in  Power  Turbines  of  Turboshaft  Engines 

The  gas  force  loading  and  the  vibratory  forces  resulting  from  a  given  pressure  or 
velocity  defect  are  proportional  to  the  torque  developed  at  a  particular  turbine 
speed.  Based  on  this  premise,  aeromechanical  mapping  techniques  were  developed  to 
evaluate  resonant  responses  occurring  in  the  operating  range  as  shown  in  Figure  12. 
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The  Campbell  diagram  in  Figure  12a  indicates  the  power  turbine  resonant  speed-range 
o!  interest.  Power-turbine  speed-excursions  (speed  "sweeps")  are  accomplished  by 
setting  a  constant  gas  generator  speed  and  loading  and  unloading  the  dynamometer, 
allowing  the  power  turbine  speed  to  "sweep"  through  the  blades'  resonant  speed. 

Resonant  stress  is  then  correlated  to  the  resonant  speed  torque  as  shown  in  Figure 
12b. 

In  Figure  > ,  tangential  platform  clearance  is  shown  which  is  set  to  preclude  "arch- 
binding"  or  loss  of  this  clearance  due  to  differential  thermal  gradients.  The  platforms 
essentially  "bind-up",  causing  reduced  damper  effectiveness,  which  then  increases  the 
stress-response.  The  response  data  were  taken  from  a  development  design  with  inadequate 
clearance  to  prevent  arch-binding.  Responses  approached  140%  endurance  limits  at 
high  torque.  Clearances  were  increased  on  the  instrumented  unit  and  retested. 

Stress  responses  at  the  maximum  torque  value  did  not  exceed  50%  endurance  limits  -  a 
reduction  to  almost  1/3! 

This  type  of  turbine  bucket  mapping  is  also  useful  in  establishing  turbine  bucket 
instabilities,  which  will  be  discussed  in  the  next  section  of  this  paper. 

2 .  Self-Excited  Vibration 

Many  excellent  papers  in  the  open  literature  give  comprehensive  treatments  of  the 
mechanism  and  theoretical  approaches  used  to  describe  self-excited  vibrations. 
Limitations  are  also  adequately  described.  While  it  is  beyond  the  scope  and  purpose 
of  this  paper  to  further  elaborate,  our  prime  objective  is  to  suggest  practical 
considerations  regarding  the  aeromechanical  verification  procedures  that  achieve  the 
objective  of  assuring  adequate  instability  margins ■  The  consequences  of  not  providing 
such  margins  are  very  serious  since  the  explosive  severity  of  vibration  is  such  that 
a  complete  blade  row  can  fail  in  seconds  as  shown  in  Figure  13^  Approximately  2% 
speed  penetration  into  the  instability  regime  (equivalent  to  1°  incidence  for  this 
case)  results  in  stresses  approaching  2.4  times  the  endurance  limit. 

3 .  Instability  Regimes  and  Representation 

Early  work  by  Carter  and  Kilpatrick  (reference  9)  idealized  instability  regimes  in 
terms  of  the  reduced  velocity-incidence  (angle-of-attack)  map  redrawn  in  Figure  14, 
based  on  experimental  tests  of  an  early  compressor  rig.  Regimes  identified  then  were 
related  to  subsonic  stall  and  choke.  Increasing  values  of  the  reduced  velocity 
parameter  are  generally  destabilizing.  However,  other  variables  affecting  instability 
are  .incidence  (or  proximity  to  stall  or  choke),  fluid  density,  solidity,  Mach  number, 
and  blade  twist/bend  deflection  ratio,  all  of  which  further  complicate  such  representa¬ 
tions.  While  this  method  is  perhaps  the  most  useful  to  the  aeromechanics  engineer, 
other  methods  have  been  used  for  convenience  in  presenting  the  data  or  in  generating 
experimental  instability  data,  and  include  the  following: 

Compressor  Map 
Variable  Geometry  Map 
Speed-Teraperature-Pressure  .Map 
Flight  Map 


•  Compressor  Map 

Figure  15  identifies  5  distinct  regimes  on  the  standard  compressor  map: 

1.  Subsonic  Stall 

2.  Supersonic  Stall 

3.  Supersonic  Shock 

4.  Choke  (Note  two  regimes) 

5.  Blade-Disk-Shroud  System  Modes 


It  is  important  to  recognize  that  the  assumptions  implicit  in  this  method  are  nominal 
operation  of  variable  geometry  and  bleed  with  constant  inlet  temperature.  As  indicated 
by  two  regimes  of  choke  instabilities  in  Figure  15,  this  method  is  subject  to  misinter¬ 
pretations,  as  will  be  discussed  later.  If  one  chooses  to  map  the  compressor  as  a 
function  of  the  variable  geometry  position  assisted  by  operating  line  adjustment  with 
discharge  area,  the  compressor  map  of  Figure  16  is  generated. 


•  Variable  Geometry  Map  Representation 

An  invaluable  development  tool  in  optimizing  compressors  for  both  aerodynamic  and 
aeromechanical  objectives  is  the  variable  geometry  system.  This  consists  of  a  number 
of  variable  vane  rows  whose  stagger  angle  can  be  varied  and  scheduled  as  a  function 
of  corrected  speed  by  means  of  mechanical  activators  positioned  by  the  main  fuel 
control.  Such  a  production  system  was  shown  in  Figure  8.  During  development,  optimi¬ 
zation  is  accomplished  by  varying  each  row  remotely  so  as  to  effect  an  extreme 
cascade  migration.  Instability  margins  are  then  evaluated  by  systematic  off-schedule 
operation  of  the  ganged  schedule  as  shown  in  Figure  17.  Additionally,  resonant 
response  sensitivities,  as  discussed  earlier,  are  also  evaluated. 
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•  Speed-Temperature-Pressure  Map 

Self-excited  vibration  is  governed  by  the  blade  incidence  (a  corrected  speed  variable) 
and  the  absolute  value  of  the  relative  inlet  velocity  (an  uncorrected  variable) . 

Since  these  are  not  directly  measurable,  we  seek  to  define  the  corresponding  engine 
variables. 


Variable 


Relation 


Engine  Parameters 


I nc idence 


Velocity 


f  (N  //u) 


N  //o. 
P  2 


VTT2 


VTT2 


Thus,  the  appropriate  plane  of  instability  mapping  is  in  the  physical  speed  (Np) 
temperature  (T^)  plane.  Composite  mapping  of  various  rotor  designs  is  shown  in 
Figure  18,  with  evaluation  conducted  at  various  levels  of  constant  inlet  pressure 
(PT2>  • 


An  extensive  data  bank  of  this  type  of  testing  and  experience  is  now  being  utilized 
for  further  investigations  by  various  government  agencies  (see  reference  10) . 


Flight  Map 


From  mapping  given  instability  in  the  N  -T  2  P^-ane  for  various  constant  pressures 
^PT2*'  one  can  now  suPeri-mPose  the  instabilities  onto  the  flight-map  by  transposing 
the  boundary  point-for-point  at  constant  physical  speed.  The  method  is  illustrated 
in  Figure  19.  In  this  particular  example,  the  growth  version  could  become  a  problem 
for  two  reasons : 


i.  The  extended  flight  map  regime  increases  both  pressure  and  temperature. 

li.  In  order  to  maintain  thrust  at  elevated  temperatures,  an  increase  in  engine 
physical  speed  may  be  required. 

b .  Compressor  Map  Representation  Anomaly 

During  variable  geometry  mapping  of  a  mid-stage  compressor  blade,  an  instability 
regime  was  mapped  to  the  extent  of  finding  its  closed  "island",  as  shown  in  Figure 
20a.  Aerodynamic  data  evaluation  indicated  the  regime  to  be  in  close  proximity  to 
the  stage  choke  limit,  with  data  generated  to  construct  its  reduced  velocity-incidence 
map  and  normal  operating  line  migration.  By  performing  speed  excursions  on  lower 
operating  lines  (migrating  the  incidence  more  to  the  negative) ,  the  compressor  map 
representation  of  this  "choke"  instability  appeared  to  be  consistent  with  other 
experimenters;  that  is,  it  is  located  below  the  nominal  operating  line  as  shown  by 
zone  4  for  the  nominal  blade  in  Figure  20b. 

Similar  tests  of  a  blade  closed  at  its  tip  section  generated  nearly  the  same  stability 
boundary  (in  terms  of  V-i)  as  its  predecessor  but  the  design  could  not  safely  exceed 
93%  Nq.  Mapping  this  bounded  instability  “island"  with  the  "closed”  blade  can  be 
seen  to  produce  the  compressor  map  representation  of  this  regime  as  indicated  in 
Figure  20b,  labeled  "closed  blade".  Although  it  has  all  the  characteristics  of  a 
transonic  "stall"  instability,  the  cascade  remains  choked.  A  stator  stage  with  a 
similar  choke- ins tabi 1 i ty  regime  has  been  recently  tested  with  resulting  compressor 
map  representation  as  described  above. 

If  the  supersonic  shock  boundary  (or  any  instability  boundary)  is  a  closed  regime, 
similar  difficulties  in  interpretation  may  exist. 

c .  Illustrative  Examples  of  Cascade  Migration  Mechanisms 

Before  consider  ng  specific  mechanisms  by  which  cascades  can  be  migrated  for  exploratory 
and  empirical  resting,  designers  need  to  consider  some  practical,  "real  world"  examples 
of  engine  operation  and  environmental  exposure  that  can  cause  loss  in  instability- 
margins  . 
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Type  of  Operation 

Transient  Power  Bursts/Chops 
Afterburner  Transients 
Flight  Map  Operation 
Fouling  Environment 
(Sand,  Salt,  Oil,  Smog) 
Inlet  Distortion  From 
Aircraft  Inlets/Ducts 
System  Failures 

Combinations  of  Above 


Engine  Parameters  Affected 

Operating  bine 
Operating  Line  and  Speed 
Inlet  Pressure  and  Temperature 

Flow  Degradation 

Flow  Degradation 

Ag,  A2g  -  Operating  Line 

V.G.  -  Flow/Speed 
A1 1 


The  consequences  of  the  problems  listed  above  and  some  methods  to  assess  their  individual 
contributions  to  instability  margin  loss  are  discussed  in  the  following  paragraphs. 

Simple  cascade  migration  methods  used  in  aeromechar.ical  mapping  are  also  presented. 


•  Incidence  Migration  Methods 

There  are  three  fundamental  methods  of  migrating  the  cascade's  incidence  and  relative 
velocity.  These  are  the  effects  on  the  vector  diagram  due  to: 

i.  Operating  Line 

ii.  Flow  Degradation 

iii.  Variable  Geometry 


Figure  21a  illustrates  incidence-velocity  migration  due  to  operating  line  effects  and 
flow  degradation  (including  that  caused  by  pressure  distortion)  at  constant  inlet 
swirl  angles  or  V.G.  setting  at  a  given  tip  speed.  Flow  variations  W/0  are  the 
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primary  cause  as  indicated  in  the  velocity  diagram. 


Figure  21b  illustrates  a  similar  migration,  assuming  flow  is  held  constant,  caused  by 
varying  the  cascades'  upstream  stagger. 


From  these  cases,  high  operating  line,  flow  degradation,  distortion,  and  opening  of 
upstream  stators  are  seen  to  increase  incidence  and  generally  be  destabilizing. 

•  Illustrative  Practical  Examples 

Typical  practical  applications  and  examples  of  these  fundamental  mechanisms  are  given 
in  Figures  22-26  and  are  self-axplanatory : 

i.  Figure  22:  Transient  high  operatii g  line  due  to  power  burst,  penetrating 
subsonic  stall  instability  boundary. 

ii.  Figure  23:  Transient  low  operating  line  due  to  afterburner  shutoff,  penetrat- 
ting  choke  instability  boundary. 


iii.  Figure  24:  Flow  degradation;  migration  caused  by  systematic  flow  reduction 
induced  by  "fouling"  with  soap/carbon  solution. 

iv.  Figure  25:  Variable  geometry  mapping  techniques  utilizing  "ganged”  or 
individual  stator  vane  settings  to  establish  margin  (measured  in  A N//eT). 

v.  Figure  26:  Combined  effects  of  flow  degradation,  V.G.  setting  and  tip 
radial  distortion  on  subsonic-stall  instability. 


Note:  This  last  example  is  a  classic  case  history  emphasizing  the 

need  to  design  cascades  to  stall  prior  to  encountering  instability. 
In  one  application,  deterioration-causing  power  loss  prompted  the 
operator  to  open  the  V.G.  to  increase  flow  and  power.  Needless  to 
say,  after  successive  adjustments,  power  loss  was  sudden  -  with 
broken  blades.  The  obvious  solution  was  and  has  been  to  incorporate 
periodic  wash  procedures. 


•  High  Inlet  Temperature  (TT2)  Migration 

In  various  military  applications,  certain  engines  are  subjected  to  bursts  of  hot  gas 
ingestion  resulting  from  gun  or  rocket  firings.  This  type  of  environment  is  conducive 
to  stage  migration  which  can  result  in  penetration  of  instability  boundaries.  Self- 
excited  vibration,  as  indicated  by  the  boundary  on  a  stability  map,  is  governed  by 
the  blade  incidence  (a  corrected  variable)  and  the  absolute  value  of  the  relative 
inlet  velocity  (an  uncorrected  variable).  Once  a  stability  boundary  has  been  determined 
as  a  function  of  reduced  velocity  and  incidence,  it  becomes  a  simple  matter  to  para¬ 
metrically  determine  the  blade  row  migration  as  a  function  of  inlet  temperature, 
physical  speed,  and  V.G.  setting  as  shown  in  Figure  27.  Note  that  the  temperature 
transient  could  be  such  that  the  response  of  temperature  sensing  devices  might  cause 
the  V.G.  schedule  to  lag  considerably ,  since  the  schedule  is  controlled  as  a  function 
of  corrected  speed.  Figure  28  is  a  typical  trace  of  elevated  temperature  migration 
into  a  first  torsion  subsonic  instability  regime  and  shows  the  effectiveness  of  V.G. 
reset  while  at  elevated  temperatures. 
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Figure  29  is  the  result  of  a  parametric  study  of  two  stages  of  a  multi-stage  compressor 
showing  the  instability  boundaries  of  the  stages  as  functions  of  inlet  temperature, 
physical  speed  and  V.G.  setting.  These  results  concluded  the  following: 

i.  Stage  A,  which  had  a  very  respectable  stability  margin  at  the  design  point 
could  become  unstable  if  a  temperature  transient  reached  260°F  without  V.G.  schedule 
response  (typical  rocket-gas  ingestion  temperatures) . 

ii.  Stage  D  could  become  unstable  in  the  idle  range  with  temperature  values  of 
140  F,  such  as  could  occur  from  ingesting  exhaust  gas  from  a  leader  aircraft  during 
formation  taxi  conditions. 

iii.  Relative  to  the  potential  problem  of  stage  A,  V.G.  preset  prior  to  gun  or 
rocket  firing  appeared  to  be  the  most  effective  method  of  preventing  high  temperature 
migration  and  has  been  used  to  preclude  both  instability  and/or  stall  during  weapons 
delivery. 

•  Turbine  Instabilities 


While  the  self-excited  vibration  of  turbine  buckets  has  not  been  a  problem  in  produc¬ 
tion  engines,  some  machines  have  been  operated  excessively  off-design  to  explore  the 
potential  for  this  type  of  vibration  and  to  establish  margins  for  future  growth 
applications.  As  indicated  earlier  in  the  resonant  vibration  section  of  this  paper, 
power-turbine  mapping  techniques  uniquely  provide  instability  margins  of  an  unshrouded 
power  turbine  as  shown  in  Figure  30. 


d.  Self-Excited  Vibration  Response  Sensitivities 


In  systematic  evaluation  and  design  verification  programs,  certain  variables  affecting 
the  threshhold  sensitivities  of  instability  boundaries  have  been  determined.  Some 
have  had  significant  impact  on  improving  existing  minimal  margins,  while  others 
unique  to  a  given  engine  size  and/or  manufacturing  technique  are  second-order  effects. 
Some  of  these  experiences  are  offered  here  to  illustrate  the  need  for  future  designs 
and/or  test  procedures. 


Effects  of  Inlet  Pressure  and  Variable  Geometry 


Inlet  pressuie  sensitivity  on  the  choke  instability  of  a  mid-stage  compressor  blade 
was  of  concern  due  to  the  requirements  of  a  cold-day,  high  Mach  number  application. 
Figure  31  depicts  the  results  of  mapping  the  compressor  with  nominal  tracking  variable 
geometry  and  discharge  area.  Clearly,  increasing  pressure  is  destabilizing.  However, 
note  that  the  production  design  incorporating  a  4.5°  opening  of  its  upstream  stator 
schedule  increased  speed  capability  from  97  to  103%  (&N_  =  6%)  and  provided  an  addi¬ 
tional  10  psi  inlet  pressure  capability.  It  should  be  evident  that  incidence  (or 
choke  proximity)  control  is  significant. 


Note  also  that  a  pressure  threshhold  for  this  stage  is  defined  at  approximately  14.7 
psia  which  has  significant  implication  for  test  procedures.  A  case  in  point  was  the 
aerodynamic  mapping  of  an  advanced  technology  unit  in  an  overspeed  exploration. 
Testing  was  performed  at  1/2  atmosphere  to  minimize  dangers  in  "inadvertent"  stalls. 
Supersonic  shock  instability  was  not  discovered  until  tests  at  ambient  inlet  pressure 
was  conducted  two  weeks  later.  The  threshhold  pressure  was  at  13  psia.  The  message 
is  clear: 


i.  For  development  rigs,  test  at  least  to  the  full  atmosphere  at  overspeed 
conditions  to  the  maximum  and  minimum  operating  lines. 

ii.  Conduct  ram  tests  prior  to  production  commitment. 


Destabilizing  effects  of  the  cascades'  frequency  distribution  was  conducted  shortly 
after  publication  of  reference  11  in  both  the  subsonic  stall  and  choke  instability 
regimes.  This  effect  is  not  of  academic  interest  since  frequency  statistics  are  a 
function  of  manufacturing  process  and  machine  size  for  a  given  tolerance. 


Results  are  shown  in  Figure  32.  In  the  stall-flutter  regime  (Figure  32a)  an  initial 
jtuii  cascade  with  a  standard  deviation  { 1 o )  in  its  first  torsional  frequency  of  2.0% 
was  not  limited  by  instability.  Selectively  reducing  the  deviation  to  0.64%  resulted 
in  an  instability  near  the  operating  line.  Similar  results  were  obtained  in  the 
second  flexural  mode  choke-instability  regime  shown  in  Figure  32b. 


It  is  emphasized  that  both  stages,  while  sensitive  to  "frequency  tuning",  were  corrected 
by  altering  incidence  (stall  and  ch~'*~ 


Effects  of  Solidity 


Upon  encountering  "choke"  related  and/or  shock  stall  instabilities,  preliminary 
rationale  indicated  that  improved  margin  could  be  achieved  by  altering  or  reducing 
the  inter-blade  shock  strength.  Early  tests  of  variable  stagger  around  the  row  (+3°) 
failed  to  show  significant  improvement.  A  reduced  solidity  test  did,  however,  improve 
the  design  margin.  (Circumferential  dovetail  designs  allow  solidity  changes  to  be 
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made  quite  easily.)  Quantitative  derivatives  had  to  wait  for  the  USAF/GE  Annular 
Cascade  program  for  such  design  derivatives  (see  reference  12).  Derivativeg  for 
typical  mid-stage  cascades  are  shown  in  Figure  33,  which  is  approximately  1°  inci¬ 
dence  improvement  for  10%  solidity  reduction.  Similar  experimental  data  is  now  being 
generated  in  the  subsonic  stall  regime  for  front  stage  blading  with  preliminary  data 
indicating  incidence  margin  loss  with  solidity  reduction. 

•  Effects  of  Twist-Bend  Coupling 

F.O.  Carta  recognized  the  destabilizing  effect  of  torsion-bending  coupling  in  the 
open  literature  in  1966  (see  reference  13).  In  that  paper,  structural  coupling  was 
derived  from  the  kinematics  of  part-span  shrouded  blades  with  aspect  ratios  on  the 
order  of  3-4  (based  on  inferred  data  given  in  the  paper).  Furthermore,  the  constraints 
of  the  assumed  system  mode  kinematics  restrict  the  torsion-bending  phasing  to  — tf/2 
(torsion  lags  bending).  Nonetheless,  this  commendable  work  reactivated  the  interest 
of  our  existing  empirical  correlations  of  non-shrogded  blading  with  aspect  ratios  in 
the  range  of  2-3  with  torsion-bending  phasing  of  0°.  These  empirical  data,  presented 
in  arbitrary  scales  in  Figure  34,  depict  the  subsonic  stall  flexural  instabilities 
along  with  their  composite  torsional  instability  regimes  in  Figure  34a.  Of  significance 
is  the  diminishing  critical  reduced  velocity  threshhold,  or  "floor",  with  an  increasing 
twist-bend  parameter  defined  in  Figure  34c.  When  these  data,  (which  include  the 
torsion  threshhold  floor),  are  cross-plotted  against  this  parameter,  it  can  be  concluded 
that  for  this  class  of  turboblading  in  the  subsonic  stall  regime,  the  instability 
threshhold  is  strongly  governed  by  the  degree  of  twist-bend  coupling.  The  transition 
from  flexural  to  torsional  modes  is  seen  to  relate  to  the  twist-bend  coupling  parameter 
(4b/4).  This  is  consistent  with  Carta  (reference  13)  and  Bendiksen/Friedman  (reference 
14)  . 

In  this  last  reference,  the  authors  state  that  “structural  coupling  is  also  believed 
significant  in  non-shrouded  rotors  due  to  high  pretwist  found  in  fan  blades". 

Structural  dynamicists  recognize,  however,  that  the  twist-bend  parameter  is  governed 
not  only  by  the  total  twist  but  inversely  with  aspect  ratio:  i.e., 

£b  _  ,  .Total  Twist  . 

6  Aspect  Ratio 

Additionally,  recent  low  inlet  radius-ratio  designs  with  high  hub  ramp  angles  that 
result  in  relatively  short  trailing  edges  also  contribute  to  increasing  the  twist- 
bend  coupling. 

We  now  review  Figure  34  with  concern,  recognizing  that  a  "rugged-looking",  low 
aspect-ratio  blade  (with  a  large  twist-bend  parameter) ,  if  made  thin  enough,  has  the 
potential  for  a  fundamental  mode  instability.  Such  a  case  has  recently  been  reported 
with  a  blade  whose  aspect-ratio  (based  on  root  chord)  was  approximately  1.4. 

As  turboblading  design  trends  continue  towards  thin,  highly  twisted,  lower  aspect- 
ratio  configurations  (shrouded  or  unshrouded)  with  design  points  of  increasing  relative 
Mach  numbers  and  pressure  ratio  per  stage,  twist-bend  coupling  may  become  of  prime 
importance  in  all  regimes  of  instability  including  the  unstalled  supersonic  regime 
indicated  by  Halliwell  in  reference  15.  Halliwell  indicates  that  "there  are  no  ready 
techniques  to  overcome  supersonic  (system  mode)  flutter".  However,  General  Electric 
experience  indicates  that  the  method  implicit  in  the  empirical  data  suggests  that 
control  of  the  twist-bend  coupling  parameter  may  be  one  important  variable.  Another 
parameter  under  consideration  includes  local  leading-edge  chordwise  coupled  deflection 
for  low  aspect  ratio  blading  with  thin  leading  edges. 

While  introducing  this  variable  into  the  GE/USAF  Annular  Cascade  program  for  systematic 
explorations  has  been  considered,  a  similar  approach  must  be  made  for  full-scale 
research  rigs,  particularly  for  the  supersonic  regime.  Such  experimental  programs 
can  establish  the  sensitivity  of  the  variables  involved  as  well  as  correlation/evaluation 
of  the  emerging  flutter  codes. 

3 .  Surge  Stress-Response  Characteristics 

A  principal  objective  in  designing  modern  fans  and  compressors  is  to  provide  adequate 
surge  margin  for  inlet  pressure  and  temperature  distortion,  particularly  with  renewed 
interest  in  "nonrecoverable  stall"  of  these  new  power-plants.  Increasing  experimental 
validation  to  establish  existing  and/or  develop  improved  surge  margin  is  of  particular 
aeromechanical  interest  and  concern. 

During  such  testing,  the  surge-resulting  overstress  and  related  cumulative  fatigue 
damage  can  cause  failure  in  such  abusive  tests  or  limit  the  turboblade  life  in  the 
production  unit.  Related  deflections  can  also  influence  axial  and  tip  clearance 
requirements . 

Early  development  of  high  amplitude  stress  fatigue  capabilities  of  materials  and 
applications  to  overstress  and  fatigue  reduction  in  turboblading  was  developed  at 
General  Electric  by  CE  Danforth  in  1959-1961  (reference  3) .  Successful  results  were 
achieved  in  his  application  of  the  technique  soon  after  its  development.  One  test 
compressor  was  interrupted  for  blade  replacement  of  a  particular  stage  because  applica¬ 
tion  of  the  procedure  during  on-line  evaluation  indicated  loss  of  overstress  capability. 
Subsequent  fatigue  strength  reduction  was  as  predicted.  While  the  generalizations 
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and  methodology  are  beyond  the  objectives  of  this  paper,  its  application  is  illustrated 
only  to  emphasize  the  need  for  early  aeromechanica 1  test  data. 

a .  Typical  Behavior 

Modes  of  vibration  during  the  surge  sequence  described  by  Mazzaway  (reference  7)  are 
generally  confined  to  the  fundamental  modes,  with  the  first  flexural  mode  predominant. 

A  typical  engine  stall  response  consists  of  multiple  high-amplitude  pulses  with 
repetitive  surging  occurring  until  a  flame-out  or  throttle  chop  occurs;  or,  in  the 
case  of  a  component,  when  the  fast-acting  discharge  valve  is  opened.  Damping  in 
these  uncomplicated  "machine-gun"  surges  is  in  the  order  of  .5-. 10%  log  decrement, 
sufficient  for  each  pulse  to  decay  well  below  endurance  limits  prior  to  the  next 
surge.  Experience  indicates  surge  frequency  of  10-15  cps  for  machines  with  corrected 
flows  of  5-50  lb/sec.  Pulse  duration  is  generally  1/4  the  time  for  surge  repetition. 
Usually,  the  first  2-3  pulses  are  the  most  damaging  with  each  succeeding  pulse  diminish¬ 
ing  the  magnitude. 

Not  all  compressors  are  typified  by  this  characteristic,  since  their  blade  responses 
can  be  complicated  by  the  presence  of  rotating  stall  (and  bursts  of  instability) 
after  the  initial  pulse. 

b.  Illustrative  Examples 

Overstress  response  in  surge,  given  in  percent  of  endurance  limits,  is  shown  in 
Figure  35  for  both  axial  and  centrifugal  compressors.  Note  that  the  overstress 
occurs  in  the  90-100%  corrected  speed  range,  which  is  typical. 

The  axial  compressor  responses  (Figure  35a)  are  typical  of  early  low  pressure-ratio 
machines  with  maximum  overstresses  of  1.5-2. 5  (at  1/2  atmosphere)  in  the  aft  stages. 
Incidentally,  this  development  configuration  incurred  an  axial  interference  in  stage 
7  rotor  when  stalled  at  full  density.  The  centrifugal  inducer  vane  responses  (Figure 
35b)  show  multi-pulse  diminishing  stress  response  with  the  maximum  loading  of  140- 
155%  limits  occurring  at  95%  corrected  speed.  It  is  this  unit  for  which  the  following 
overstress  surge  capability  assessment  is  made. 

c .  Overstress  and  Fatigue  Capability 

A  unit  whose  aeromechanical  surge  data  shown  in  Figure  35b,  incurred  33  stalls  without 
incident  of  inducer  vane  cracks.  An  assessment  of  fatigue  capability  indicated  a 
capability  of  300-400  stalls  with  overstress  ratios  of  the  first  2-3  pulses  in  the 
95%  N//6  range  of  140-155%  endurance  limits.  Subsequent  testing  of  another  unit  to 
explore  high  speed  stalls  incurred  26^  stalls.  Upon  teardown,  cracks  were  detected  at 
the  leading  edge  root  section  of  three  vanes.  These  vanes  were  measured  to  be  .006 
inches  under  nominal  thickness. 

Parametric  overstress  capability  was  analyzed  by  modeling  the  surge-pulse  as  shown  in 
Figure  36a,  utilizing  the  overstress  data  from  the  instrumented  test  and  applying 
corrections  for  local  leading  edge  thickness.  Results  shown  in  Figure  36b,  indicate 
potential  crack  initiation  at  15-22  stalls  compared  to  the  actual  26  applied.  The 
"fix”  for  this  case  obviously  was  a  strength  improvement  to  account  not  only  for 
thickness  tolerance,  but  also  for  in-field  erosion. 

Conclusion 


The  cost  to  produce  and  maintain  advanced  turbine  engines  is  increasing  and  is 
tending  to  curtail  development  of  new- technology ,  mission-oriented  engine  systems. 

The  current  trend  is  to  provide  a  power  plant  for  a  new  weapon  system  by  producing 
derivatives  of  existing  engines  by  the  use  of  a  common  core,  for  example.  When  a 
"new"  design  or  derivative  version  development  is  embarked  upon  it  is  recommended 
that  present  military  specifications  for  engine  qualification/verification  be  signifi¬ 
cantly  modified  to  include  aeromechanical  procedures  outlined  in  this  paper.  During 
previous  development  programs,  the  testing  of  component  rigs,  core  engines,  etc.,  has 
been  accomplished  with  primary  emphasis  on  performance  and  operability  parameters 
such  as  component  efficiency,  specific  fuel  consumption,  thrust,  stall  margin,  etc. 

These  parameters  are  important,  but  the  justification  for  extensive  development  of 
multiple  configurations  to  obtain  small  improvements  is  questioned.  More  emphasis 
should  be  directed  toward  aeromechanical  life/durability  and  minimum  maintenance 
costs . 

This  paper  illustrates  that,  while  design  criteria  do  exist,  the  overall  complexity 
of  the  problem  of  assuring  structural  integrity  does  necessitate  experimental  verifica¬ 
tion  for  each  class  of  design.  No  realistic  assessment  of  durability  can  be  made  on 
a  sea-level  test  stand.  The  necessity  to  develop  and  verify  integrity  as  a  part  of 
the  qualification/acceptance  process  prior  to  production  cannot  be  overemphasized. 

Test  facilities  must  have  the  capabilities  to  extensively  stress  map  engines  up  to 
and  beyond  the  temperature  and  pressure  extremes  of  the  intended  flight  envelope  in 
order  to  insure  that  the  engine  has  vibratory  strength  capability  and  growth  potential 
for  adapting  the  engine  to  channing  requirements  within  the  intended  application. 
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Appendix 

Figures  A-l,  A-2,  and  A-3  are  graphical  representations  of  engine  inlet  conditions 
as  functions  of  total  temperature,  total  pressure,  mach  number  and  altitude.  The  data 
are  based  on  the  following: 

(1)  Fig  A-l  Standard  Day  Data  -  U.S.  Standard  Atmosphere,  1962 

(2)  Fig  A-2  Cold  Day  Date  -  Mil.  Std.  210A,  2  August  1957,  Climatic  Extremes 

for  Military  Equipment,  Table  II 

(3)  Fig  A-3  Hot  Day  Data  -  Mil.  Std.  210A,  2  Auaust  1957,  Climatic  Extremes 

for  Military  Equipment,  Table  III 
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Table  1 :  Strain  Gage  Signal  Waveform 

Characteristics  and  Interpretations 


RESONANCE 


(8/Rev) 


Constant  amplitude  at  a  given  rotor 
speed  due  to  first  harmonic  integral 
order  blade  resonance. 


/I  Cycle  Decay 


(7/Rev) 


Non-constant,  cyclically  varying 
amplitude  at  a  given  rotor  speed  due 
to  seventh  harmonic  integral  order 
blade  resonance.  The  rate  of  signal 
decay  is  a  function  of  the  blade 
system  damping. 


(14/Rev) 


Blade  tip  rubs  produce  waveforms 
similar  to  waveform  (b)  with  cyclic 
decay  evident  between  rubs.  This 
waveform  resulted  from  two  rubs 
separated  by  approximately  154°. 


Regularly  occurring  maxima  and 
minima  with  a  sinusoidal  envelope 
of  amplitude  (beating)  whose  period 
is  the  difference  of  the  two 
excitation  frequencies. 


Multiple  modes  with  a  large  difference 
in  frequencies  responding  simulta¬ 
neously.  In  waveform  (e) ,  the 
amplitude  of  the  higher  frequency 
is  one-fourth  that  of  the  lower 
frequency.  It  clearly  appears  as 
the  higher  frequency  response  super¬ 
imposed  on  the  lower  frequency 
response.  In  waveform  (f)  the 
amplitude  of  the  higher  frequency 
is  four  times  that  of  the  lower 
frequency. 


Table  1  (con't):  Strain  Gage  Signal  Waveform 

Characteristics  and  Interpretations 

INDUCED  FLOW  VIBRATIONS 


Expanded  Scale  Waveform 


NOTE:  The  above  waveform  examples 

progressive  characteristics 
migration  towards  stall. 


These  two  waveforms  show  randomly 
modulating  amplitudes  resulting 
from  slightly  turbulent  or  separated 
flow  in  the  upper  waveform  to  violent 
turbulence  or  separation  in  the  lower. 


A  waveform  typical  of  rotating  stall 
where  the  blade  amplitude  suddenly 
increases  as  the  blade  encounters 
each  stall  cell  and  decays. 


Waveform  characteristic  of  a  typical 
4-pulse  repeating  surge  ("machine- 
gun"  surge)  with  surge  frequency  of 

13  CPS  (TSURGE=-075  sec)-  The 
maximum  overstress  ratio  (tp(jLSE/ 

T ENDURANCE*  ^^ched  1.6  at 
95  N//(T.  From  the  expanded  pulse 
waveforms,  average  cascade  damping 
is  .07  log  decrement.  Response 
frequency  is  usually  the  fundamental 
flexural  mode. 


are  also  typical  of 
during  cascade 
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Table  1  (cont ’d)  : 


SELF  EXCITED  VIBRATION 


Typical  waveform  characteristics  of  self-excited  vibration 
during  cascade  migration  into  instability  regime.  Initia¬ 
tion  is  usually  characterized  by  separated  flow  vibration 
progressing  rapidly  to  sinusoidal  waveform  amplitude  at 
the  airfoil's  natural  frequency. 


Table  2 

METHODOLOGY  FOR  MINIMIZING  RESONANT  RESPONSE 


METHOD 


EXAMPLE  OF  IMPLEMENTATION 


•  FREQUENCY  CONTROL 


•  STIMULUS  CONTROL 


•  DAMP  I  NO 


•  STRUCTURAL  STRENGTH 


BLADE  TAPER 

SHROUDING,  AIRFOIL  ATTACHMENT 
CHORD  LENGTH,  SOLIDITY 
ASPECT  RATIO,  RADIUS  RATIO 
UTILIZE  PROVEN  FINITE  ELEMENT 
ANALYSIS  TECHNIQUES 

SELECTION  OF  NUMBER  VANES/BLADES 
STATOR  SCHEDULE  ADJUSTMENTS 
DISTORTION  LEVELS/PATTERNS 
BLEED  PORT  SPACING/QUANTITY 
INDEXING/MAPPING  TO  AVOID 
REINFORCEMENT  t>  SINGULAR  HARMONICS 

MECHANICAL  DAMPERS 
STATOR  SHROUD  RINGS 

" BEEF I NG-UP"  BLADE/VANES  TO  REDUCE 
VIBRATORY  AND/OR  STEADY  STATE  STRESSES 
REMOVE/REDUCE  STRESS  CONCENTRATIONS 
MATERIAL  SELECTION  FOR  INCREASED  HCF 
CAPABILITY 


V 


*:o 


IM’IRF:  •  LOSS  OF  FlNTII'F  •  LOSS  OF  OUT  Fl  •  !X>Ss  OF  sMALI. 

AIRFOIL  AND/OR:  PORTION  OF  MRFOIL  Til*  FRAG. 

AIRFOIL  0OVF1  All  AIRFOIL  tFNT. 

ANH/OR  DISC  DOVF- 
TAII 


(Downstream  Pressure  Field  and 
Operating  Line  Effects  on  Turbine 
Blade  Stress) 


Harmonic  Response 


\ 


Figure  8  -  Typical  Variable  Geometry  (V.G.)  System  and  Operation 


Figure  9  -  Resonant  Response  Sensitivity  to  Variable 
Geometry  System 

1.  EARLY  COMPONENT  TESTING  TO  EXTREMES  OF  INLET  PRESSURE/TEMPERATURE 
RANGES  OF  FLIGHT  REGIME  REQUIRED  FOR  RESONANCE  ASSESSMENT. 


CHARACTERISTIC 

•  RESONANT  SPEED 

•  VIBRATORY  FORCE 

•  DAMPING 

•  STIMULUS  (V.G.  POSITION) 


DEPENDENCY 


,N„ 


MODE,  N  PHYSICAL. .. (P) 
FLUID  DENSITY*. . . (p) 
MODE  SHAPE,  DENSITY 
CORRECTED  SPEED  (N//F) 


.FOR  A  GIVEN  STAGE  LOADING  AND  STIMULUS 


2.  TYPICAL  EXAMPLE  OF  RESONANT  RESPONSF  OVER  FLIGHT  MAP  RFGIME . 
(PANEL  MODE  RESONANCE  WITH  I.G.V.  PASSING  FREQUENCY) 


RELATIVE  INLET  AIR  DENSITY  (c/pQ) 


Figure  10  -  Flight  Regime  (pt2_TT2^  Effects 
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Fiqure  16  -  Compressor  Stability  Boundary  Map  for  Various 
V.g.  Positions 


OPERATING  LINE:  NOMINAL 
INLET  TEMP:  CONSTANT 


(C)  Choice  Instability 
(S)  Stall  Instability 
(SS)  Supersonic  Shock 
Instability 


Fiqure  17  -  Variable  Geometry  Map 


Figure  18  -  Temperature-Speed-Pressure  Map 
<TT2_Ng'PT2) 


(ORIGINAL) 


INLET  PRESSURE ,  P^ 

(b)  FLIGHT  MAP 

Figure  19  -  Flight  Map  Evaluation 
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PRODUCTION  BIJU’E  -  I  UAC 
PRODUCTION  BLADE  INSTABILITY 
CLOSED  BLADE  INSTABILITY 


INC  ID!  NCI  »  WH*  SPAN  DECREES 
V-l  NAP 


I'RI.CENT  CORRLCTI.D  SPEED 

VC,  HAP 


Figure  20a 


CORRECTED  FLOW 

Figure  20b 


Figure  20  -  Compressor  Map  Representation  Anomaly 


REDUCED  VILOCITY 


Operating  Lin»  and  Flo"  Variable  Geometry  Effects 

Degradation  Effects 

(a)  (b) 


Figure  21  -  Examples  of  Incidence  Migration  Mechanisms 


(a)  (b) 

Figure  22  -  Example  of  High  Operating  Line  Effects 
(Transient  Burst) 


(b) 


(a) 

Figure  23  -  Example  of  Low  Operating  Line  Effects 
(Afterburner  Shutoff  with  Ag  Lag) 


Flow  Degradation 
Migration  Mechanism 


Figure  25  -  Variable  Geometry  Mapping  Techniques 


Combined  Effects  of: 

•  Flow  Degradation 

•  Radial  Distortion 

•  V.G.  Setting 


Figure  26  -  Typical  Instability  Margin  Loss 
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v  =  —  . . .where: 

n  cf 

Vr  =  Absolute  Value  of  Relative 
Velocity 
c  =  Chord 
f  =  Frequency 
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Figure  27  -  Elevated  T  Migration  Mechanism 


REDUCED  VELOCITY  PARAMETER 


FROM  GEOMETRY 


-in  1  ‘ 

C~  2  '  (»_b) 


where : 

c=DI STANCE  TO  NODE  POINT 
FROM  L.E.  IN  TRACTIONS 
OF  CHORD  (2b) 
t = BENDING  DEFLECTION 
NORMAL  TO  CHORD 
$=TWIST  ANGLE 
b  =SEMI -CHORD 


Figure  34  -  Instability  Sensitivity  to  Twist-Bend  Coupling 
(Cantilevered  Blading) 
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R  H  BLAKE 

MANAGER  -  TEST  OPERATIONS 


ROLLS-ROYCE  LIMITEO 
P  0  BOX  3.  FILTON 
BRISTOL  BS1 2  7QE 


The  Rolls-Royce  Pegasus  engine  with  its  unique  four  Bxhaust  nozzle  thrust  vectoring  Remanded 
special  installations  and  test  equipment  to  enable  testing  of  Development  and  Production  engines  to  be 
carried  out  close  to  an  industrial  complex  without  any  outside  influence. 

The  paper  describes  the  history  of  plant  development  to  accommodate  the  test  programmes,  including  the 
need  for  thrust  vector  measurement  and  exhaust  gas  collectors  to  allow  nozzle  swivelling  without  hot  gas 
re-ingestion. 

The  evaluation  of  plant  effects  on  engine  performance  and  the  philosophy  adopted  for  simplified 
Production  testing  in  the  horizontal  thrust  mode  only  are  described. 


1  HISTORY  AND  ENGINE  DESIGN  EVOLUTION 


The  significant  milestones  in  the  history  of  the  Pegasus  vectoring  thrust  engine,  designed  specifically 
for  a  single-engined  VTQL  aircraft,  as  shown  in  Figure  1,  date  back  into  the  1950's  with  thB  first  engine 
run  in  1959.  Flying  began  in  the  following  year  with  tethered  hovering.  Conventional  flight  trials 
followed  and  in-flight  transition  was  accomplished  in  1961. 

The  Kestrel  aircraft  was  developed  directly  from  the  prototype  work  with  an  improved  Pegasus  and  service 
trials  were  carried  out  with  a  special  tripartite  squadron  by  three  nations  (UK,  USA  and  lifest  Germany), 
where  the  operational  practicability  of  the  vectoring  principle  was  proved.  The  Harrier  entered 
service  in  1969  as  an  operational  aircraft  with  the  RAF  and  has  subsequently  joined  thB  US  Marines  and 
Spanish  Naval  Forces. 

Progressive  development  has  continued,  from  the  original  Pegasus  1  engine  in  1959,  to  the  Pegasus  103 
and  104  in  service  today  in  the  Harrier  and  Sea  Harrier.  Thrust  has  increased  by  almost  140%  and  the 
thrust-to-weight  ratio  by  60%  without  any  significant  change  in  dimensions. 

The  obvious  need  for  the  centre  of  gravity  of  the  aircraft  to  be  coincidental  with  the  centre  of  thrust 
of  the  engine  demanded  close  collaboration  between  the  airframe  and  engine  manufacturer.  Thus,  the 
engine  design  and  its  development  had  to  relate  very  closely  to  any  aircraft  changes,  and  vice  versa. 

When  in  hover,  stabilising  jets  usina  engine  bleed  air  are  used  to  correct  for  asymmetric  aerodynamic 
loads  and  for  manoeuvring,  as  shown  in  Figure  2. 


2  SPECIAL  PLANT  REQUIREMENTS 

From  the  aforementioned,  it  is  clear  that  special  test  plant  and  techniques  were  being  evolved  along 
with  the  initial  engine  trials.  The  first  thrust  vectoring  was  carried  out  on  an  open-air  plant 
with  the  nozzles  swivelling  from  horizontally  rear  to  vertically  up  to  avoid  hot  gas  ingestion. 

Forward  and  downward  thrusts  were  measured  but  the  latter  proved  difficult  to  obtain  with  equal  accuracy 
because  of  the  additional  load  of  the  engine  test  frame  and  thrust  cradle  (12,000  lb)  on  the  thrust 
capsules,  ie  in  order  to  measure  9,000  lb  thrust  vertically  to  0.25%  accuracy  demanded  a  capsule 
measuring  21,000  lb  with  22  lb  accuracy,  ie  0.1%,  which  was  not  then  available. 

It  also  demanded  a  different  build  standard  of  engine  with  respect  to  the  nozzle  rotation  to  th^t  of 
the  aircraft  installation. 

The  need  to  test  Development  engines  close  to  the  manufacturing  and  engineering  base  and  to  accelerate 
the  programme  demanded  an  enclosed  plant  capable  of  the  full  engine  range  of  conditions  at  all  times 
without  environmental, weather  and  noise  restrictions.  Accurate  measurement  of  thrust  in  horizontal 
and  vertical  planes,  which  also  enabled  evaluation  of  the  thrust  centre  position,  was  essential. 

The  requirements  were  further  complicated  by  a  stringent  endurance  schedule.  A  typical  cycle  is  shown 
in  Figure  3a.  This  illustrates  the  numerous  cycles  required  to  test  and  demonstrate  the  life  for  an 
engine  of  this  type  of  application.  This  naturally  gave  problems  of  life  of  the  collector  duct  system 
which  necessitated  modifications  to  prevent  cracking,  but  the  basic  design  has  not  been  changed. 

Details  of  the  limited  life  ratings  necessary  for  the  engine  operation  and  the  complexity  of  the 
Parts  1  ,end  6  of  the  endurance  teat  are  shown  in  Figures  3b  and  3c.  In  order  to  record  the  engine 
conditions  throughout  these  parts,  a  special  continuous  recorder  was  necessary. 


<1  GENERAL  DESCRIPTION  OF  PLANT 


A  very  large  plant.,  shown  in  Figure  4,  was  built  and  commissioned  in  196?,  and  a  second  in  1964  (which 
also  had  the  capability  to  test  vert i cal ly-muunted  lift  engines,  if  the  need  arose),  which  incorporated 
exhaust  collector  ducts  to  enable  thrust  vectoring  from  horizontal  to  vertically  down  without  any  hot 
gas  ingestion  into  the  engine  intake.  The  design  of  these  had  been  previously  proven  on  the  open-air 
plant  and  only  minor  modi f icat ions  were  found  necessary  to  achieve  the  requirements. 

4  EXHAUST  GA5  COLLECTION  SYSTEM 

There  is  a  collector  duct  for  each  nozzle  exhaust.  Four  are  arranged  in  pairs  to  exhaust  into  separate 
Cullum  detuners  for  each  side.  A  simplified  cross-section  is  shown  in  Figure  6. 

Because  the  pressure  loss  of  the  collector  duct  varies  depending  on  horizontal  or  vertical  entry  gas 
flow,  the  entrainment  ratio  and  the  nature  of  the  airflow  around  the  engine  changes.  It  has  been 
difficult,  therefore,  to  evaluate  true  free-field  performance  in  the  vertical  thrust  mode  in  a  test 
plant.  No  true  free-field  facility  exists  where  this  could  be  measured  for  comparison.  It  would  be 
very  difficult  to  do  so  without  re-ingestion  effects  being  highly  probable.  However,  with  an  aircraft 
of  known  weight  hovering  at  an  altitude  where  re-ingestion  and  ground  effects  are  not  possible  (at 
l*Ast  BO  ft)  and  with  intake  and  other  aircraft  effects,  a  relationship  has  been  evaluated  for  correlatio 
of  test  bed  measured  thrust  with  aircraft  installed  thrust. 

Performance  tests  with  an  aircraft  intake  fitted  in  the  test  bed  allow  a  close  comparison  to  be  made. 

The  main  difference  can  be  accounted  for  by  the  stabilising  bleed  which  is  needed  in  hovering  mode 
and  which  can  be  assessed  reasonably  accurately.  Cross-calibration  with  open-air  testing  in  the 
horizontal  thrust  mode  has  enabled  test  cell  effects  to  be  evaluated. 

There  is  also  a  different  thrust  between  horizontal  and  vertical  nozzle  positions  and  the  engine  running 
conditions  vary  slightly  due  to  the  different  aerodynamics  through  the  nozzles  resulting  in  a  change 
of  exhaust  pressure  and  angle  or  splay. 


6  THRUST  MEASUREMENT  SYSTEM 


The  thrust  measuring  system  is  also  unique  to  this  type  of  test  plant.  As  shown  in  Figure  6,  the  test 
cradle  into  which  the  engine  is  mounted  from  below,  is  suspended  on  three  links  from  above;  at  the 
bottom  of  each  is  a  thrust  capsule.  These  are  not  all  vertically  in  line  with  the  front  and  rear  nozzle 
centres  when  in  the  vertical  position,  front  and  rear  nozzlB  thrusts  are  calculated  from  a  moments* 
equation.  One  link  is  centrally  mounted  at  the  tear  and  one  each  side  at  the  front.  This  permits  the 
individual  measurement  of  front  and  rear  vertical  thrust  to  allow  calculation  of  the  position  of  the 
centre  of  thrust,  which,  as  previously  illustrated,  is  critical  to  aircraft  stability  in  hovering  flight. 

In  order  to  restrain  the  cradle  when  in  the  vertical  thrust  condition,  a  front  link  >s  employed 
which  allows  the  small  amount  of  vertical  freedom  necessary  with  minimum  hysteresis  e  facts.  The 
horizontal  thrust  measuring  capsules  are  at  the  points  of  attachment  of  these  two  front  links  -  one  on 
each  side. 

The  thrust  capsules  are  calibrated  in  situ  with  the  complete  engine  and  plant  interface  connections 
installed.  Links  are  installed  to  allow  a  hydraulic  jack-up  system  to  simulate  the  engine  thrust 
loading  on  the  cradle,  each  force  being  measured  with  master  standard  thrust  capsules  installed  between 
the  jack  and  the  link. 

The  thrust  capsules  have  been  the  Elliott  load  cell  type  which  have  a  Wheatstone  Bridge  measurement 
system,  We  are  currently  changing  to  a  Bofors  shear-type  load  cell  which  has  the  same  type  of 
electrical  measuring  system  but  gives  improved  accuracy. 

In  order  to  simplify  the  measurements  to  the  minimum  necessary,  where  two  thrust  meters  need  to  be 
summated,  ie  the  horizontal  and  front  vertical  thrust  measurements,  the  two  capsules  are  connected  in 
parallel  with  a  common  voltage  supply,  as  illustrated  in  Figure  7.  The  outputs  from  the  middle  of  the 
Wheatstone  Bridges  are  also  connected  in  parallel  to  the  measuring  system. 

Because  of  the  static  vertical  load  of  apprux imately  1?,000  lb,  the  thrust  measuring  systems  are  set  to 
zero,  prior  to  applying  loads, by  an  electrical  adjustment. 

No  problems  of  calibration  linearity  have  been  experienced  over  the  whole  range  despite  the  fact  that 
the  direction  of  loads  on  the  measuring  capsules  change  over  a'  approximately  12,000  lb  total  vertical 
thrust . 


ft  PRODUCTION  TESTING  PLANTS 


The  Production  and  overhaul  test  plants  are  naturally  very  much  simplified  from  the  Development  plants 
explained  above  -  the  principle  differences  being  that  testing  i9  in  the  horizontal  thrust  mode  only. 

The  exhaust  collection  systems  in  use  at  Rollg-Royce  are  shown  in  Figure  8.  Other  types  ere  in  use  at 
customer  overhaul  test  hases. 

As  previously  stated,  the  important  thrust  measurement  is  the  vertical  thrust  and  an  evaluation  of 
thiust  centre.  A  cross-calibration  between  a  Development  plant  in  vertical  thrust  and  the  Production 
plant  (horizontal)  is  carried  out, which  gives  a  simple  thrust  correction  factor  to  be  applied.  Also, 
a  calibration  of  the  nozzle  pressure  ratios  against  vertical  thrusts,  front  and  rear,  is  obtained 
as  shown  in  Figure  9.  Thus,  nozzle  pressure  ratios  measured  on  the  Production  plant  allow  evaluation  of 
thrust  centre.  The  summation  of  thrusts  calculated  from  pressure  ratios  allows  a  check  to  be  made  on 


the  total  thrust  measurement 


7  FUTURE  DEVELOPMENTS 


Future  development  of  the  Pegasus  or  similar  vectored  thrust  engines  may  well  have  a  reheat-type  boost 
system  in  the  fan  exhaust  to  the  front  nozzles,  commonly  known  as  Plenum  Chamber  Burning  (PCB).  This 
will  undoubtedly  give  new  problems  in  the  collector  ducts,  particularly  in  the  vertical  mode, 
necessitating  water-cooling  and  mechanical  improvements  to  withstand  the  greater  thermal  cyclic  and 
shock  loading,  corrosion  and  erosion. 

Some  experience  was  gained  with  PCB  into  the  collector  ducts  in  the  mid  1960's  with  a  BS  100  engine, 
a  much  larger  engine  than  the  Pegasus,  but  the  project  was  cancelled  after  197  hours  of  testing,  of 
which  10  hours  was  with  PCB. 

UJithin  the  next  two  years,  we  will  be  installing  a  full  on-line  data  acquisition  and  processing  system 
with  computer  test  control  possible. 

The  test  plants  can  be  modified  to  test  an  engine  similar  to  the  Pegasus  but  with  a  single  vectoring 
rear  nozzle,  space  exists  in  the  plants  for  a  collector  duct  and  separate  central  detuner  for  the 
exhaust,  as  is  evident  from  Figure  4. 
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SIGNIFICANT  DATES  IN  THE  DEVELOPMENT 


OF  VECTORED  THRUST 

FIRST 

RUN  OF  PEG.  1 

SEPT.  1959 

FIRST 

HOVER  OF  P 1127 

OCT.  1960 

FIRST 

FLIGHT  OF  P  1127 

MAR.  1961 

FIRST 

TRANSITION  OF  P1127 

SEPT.  1961 

TRIPARTITE  KESTREL  SQD.  FORMED 

MAY  1965 

HARRIER  ENTRY  INTO  SERVICE 

APR.  1969 

f  THRUST 


9000  Lbf 


THRUST-TO-WEIGHT  RATIO  4-34 


HRUST 


PEG  103 


21500  Lbf 


(.THRUST-TO-WEIGHT  RATIO  6-94 
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THE  VECTORED-THRUST  PRINCIPLE 

I  Nollies  rotate  in  unison 


Total  thrust 


Thrust 
voc faring  rang* 


front  noxxlo 
thrust 


Thrust  Contra 


THE  VECTORED-THRUST  POWER  PLANT 


1 


ENGINE  RATINGS 


Normal  Lift  Dry  :  Tj  determined  at  rated  S.O.T  with 
(N.L.D.)  bleed 

Short  Lift  Dry  :  Increased  speed  &  thrust  at  Tj(NLD) 
(S.L.D.)  +  18  c  &  same  bleed 

Normal  Lift  Wet  :  Increased  speed &thrust  atlj(NLD) 
(N.L.W)  +10  c  with  water  injection  &  same 

bleed 


Short  Lift  Wet 
(S.LW. ) 


Increased  speed  &  thrust  atlj(NLD) 
+  23  'c  with  water  injection  &  same 
bleed 
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VECTORED  THRUST  MEASUREMENT  SYSTEM 


ALTERNATIVE  ARRANGEMENTS  OF  COLLECTOR  DUCTS 
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DISCUSSION 


D.K.Hennecke.  MTU.  Ca¬ 
llow  imiv.li  Meal  air  do  you  require  lor  I  lie  stabilizing  lets'*  Do  you  simulate  it  ill  your  tests,  and.  il  you  do.  doesn't 
it  interfere  with  your  thrust  measurements'* 

Author's  Reply 

Bleed  air  is  taken  off  during  tile  enduranee  testing,  cyeling  between  various  Hows  up  to  I  ’  lb  see.  with  very  short 
transients  to  I  5  lb  see.,  w  Inch  exceeds  10  oft  lie  core  engine  flow  1  he  duet  mg  of  this  bleed  air  passes  Irom  the 
thrust  cradle  to  the  fixed  plant  through  a  flexible  joint,  a  thrust  spoiler  can  also  be  fitted  to  the  exhaust  l  lius. 
whenever  testing  with  bleed  is  carried  out.  during  endurance  or  performance  testing,  the  t i i rust  ol  the  bieed  is  not 
included. 


PERFORMANCE  ASSESMENT  OF  AN  ADVANCED 
REHEATED  TURBO  FAN  ENGINE 
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V.  Zeidler 

Messerschmitt-Bolkow-Blohm 
8000  Miinchen  80  -  Germany 
D-8012  Ottobrunn 


SUMMARY 

Durinq  the  test  phase  of  an  -  in  this  case  two  engined  -  combat  aircraft  extensive 
evaluation  work  has  to  be  done  especially  if  this  aircraft  is  powered  by  a  newly 
developed  enqine.  As  far  as  engine  performance  is  concerned  various  approaches  to  deter¬ 
mine  thrust -i n-fl  ight  and  other  appropriate  parameters  are  discussed.  The  degree  of  spe¬ 
cialization  or  simplification  of  some  methods  points  to  the  applicability,  i.e.  the  quick 
estimation  of  actual  take  off  thrust  with  reqard  to  safety  aspects  in  case  of  single  en¬ 
qine  climb  out  requires  only  a  simple  option,  which  produces  acceptable  results  even  if 
the  enqine  is  of  lower  instrumentation  standard.  On  the  other  hand,  inflight  thrust  for 
enqine  performance  assessment  and  aircraft  drag  analysis  is  calculated  by  an  ambitious 
computer  programme  using  test  data  of  engines  with  higher  instrumentation  standard.  Even¬ 
tually  the  influence  of  ATF  testinq  (Altitude  Test  Facility  testing)  on  the  accuracy  is 
described. 


INTRODUCTION 

During  the  development  of  a  military  turbofan  engine  from  its  test  bed  stage  (develop¬ 
ment  engines)  via  the  early  flight  cleared  phase  of  the  final  production  enqine  standard 
two  complementary  test  philosophies  are  followed  up:  the  engine  manufacturer  is  endeav¬ 
oured  to  improve  engine  performance  in  terms  of  thrust  and  s.f.c.  as  well  as  engine  and 
reheat  handlinq  by  improving  the  component  efficiencies  and  altering  control  laws  (fuel 
supply,  nozzle  area  control),  since  these  engine  qualities  are  subject  to  minimum 
requirements  of  the  customer  and  user.  The  engine  user  on  the  other  hand  is  interested  to 
know  how  the  engine  behaves  in  both,  handlinq  and  performance  durinq  flight  rather  than 
on  test  heds.  As  handlinq  can  be  covered  by  Yes/No  tests,  performance  evaluation  requires 
extensive  use  of  flight  test  data.  Enqine  thrust  for  example  is  to  be  calculated  as  accu¬ 
rate  as  possible  to  fit  up  the  individual  lift-drag  polars  for  given  wing  sweep  posi¬ 
tions,  flap  and  slat  positions  and  the  qreat  variety  of  external  stores  which  the  air¬ 
craft  can  he  equipped  with.  This  implies  of  course  a  steady  improvement  of  the  computer 
programmes  as  the  amount  of  data  increases,  which  in  turn  enables  the  user  to  assess  the 
engine  itself  in  detail.  The  following  paragraphs  deal  with  the  problems  and  knowledges 
concerned  in  the  enqine  performance  assessment. 


NOMENCLATURE 

a 

A),  A  7 

ATF 

BL 

CG 

EHV 

EPR 

FAP-METHOD 

FG 

FM-METHOD 

FN 

FNIN 

FPR 


=  Angle  of  Attack 
=  Nozzle  Exit  Area 
=  Altitude  Test  Facility 
=  Bleed 

=  Gross  Thrust  Coefficient 
=  Effective  Heating  Value 
=  Engine  Pressure  Ratio 
=  Gross  Thrust-Area-Pressure  Method 
=  Gross  Thrust 

=  Gross  Thrust-Mass-Flow-Temperature  Method 
=  Net  Thrust 
=  Installed  Net  Thrust 
=  Fan  Pressure  Ratio 


HPT 


True  Pressure  Altitude 


\ 
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NOMENCLATURE 

cont 'd 

Ma 

= 

Mach  Number 

MFM 

= 

Main  Fuel  Flow 

MPR 

= 

Reheat  Fuel  Mass  Flow 

MET 

= 

Total  Fuel  Mass  Flow 

Ml 

Air  Mass  Flow  at  Enqine  Entry 

M6 

= 

Gas  Flow  at  Nozzle  Entry 

M7 

= 

Gas  Flow  at  Nozzle  Exit 

nh/vT 

- 

Aerodynamic  High  Pressure  Spool  Speed 

NL/y~8 

= 

Aerodynamic  Low  Pressure  Spool  Speed 

NPR 

= 

Nozzle  Pressure  Ratio 

PTO 

= 

Free  Stream  Total  Pressure 

PSOSL 

= 

Standard  Static  Pressure  at  Sea  Level 

Pamb 

- 

Ambient  Pressure 

PT1 

= 

Total  Pressure  at  Engine  Entry 

PT2LB 

= 

Total  Pressure  By-pass  Entry 

PS2LB 

= 

Static  Pressure  By-pass  Entry 

PT4LB 

= 

Total  Pressure  By-pass  Exit 

PS4LB 

= 

Static  Pressure  By-pass  Exit 

PT4 

= 

Total  Pressure  LP  Turbine  Exit 

PS4 

= 

Static  Pressure  LP  Turbine  Exit 

PM  I X 

= 

Mixed  Total  Pressure  at  Reheat  Entry 

PS6 

= 

Static  Jet  Pipe  Pressure  upstream  Nozzle  Entry 

PT7  =  Pj 

« 

Total  Pressure  at  Nozzle  Exit 

AP 

= 

PMI X  -  Pj 

POT 

= 

Power  Off  Take 

SLTB 

= 

Sea  Level  Test  Bed 

SFC 

= 

Specific  Fuel  Consumption 

SOT 

= 

Turbine  Stator  Outlet  Temperature 

R 

= 

Gas  Constant 

TIF 

Thrust-In -  Flight 

TT1 =TTO 

= 

Free  Stream  Total  Temperature 

TSOSL 

- 

Standard  Static  Temperature  at  Sea  Level 

TT  3 

Turbine  Stator  Inlet  Temperature 

TT5 

> 

Mixed  Jet  Pipe  (*R/H-)  Entry  Temeprature 

TT7  =  TT6 

= 

Total  Temperature  at  Nozzle  Exit 

TRcap' 

= 

Reheat  Capability  Temperature 

M 1 /TT1 /PT 1 

= 

Corrected  Air  Flow  at  Engine  Entry  (”  WAT) 

(M  /f/P)3 

- 

Turbine  Capacity 

\ 
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NOMENCLATURE  cont 'd 
(M  /T/P)  5  =  <p  5  = 

^REH. 

"cap 

© 

6 

Y 


Corrected  Gas  Flow  at  Jet  Pipe  Entry 

Reheat  Efficiency 

Maximum  Reheat  Efficience 

TT1/TS0SL 

PT1/PSOSL 

Ratio  of  Specific  Heats 


1.  THRUST  EVALUATION  OPTIONS 

Depending  on  the  task  at  hand  e.q.  enqine  performance,  aircraft  draq  analysis,  safety 
aspects  durinq  take  off  several,  more  or  less  sophisticated  approaches  to  thrust  deter¬ 
mination  can  be  pursued.  The  enqine  performance  module  presented  in  this  paper  consists 
of  one  main  and  some  secondary  options. 

1 

Enqine  performance  and  aircraft  draq  analysis  require,  for  example,  as  main  option  the 
"thrust  derived  -Pj  method"  in  connection  with  the  so-called  nozzle  calibration  to  obtain 
qross  thrust  and  air  mass  flow,  respectively.  Since  these  two  most  important  enqine 
parameters  are  determined  at  the  same  enqine  station,  the  nozzle  exit  plane,  it  is 
labelled  as  a  "linked  method"  so  as  to  distinguish  it  from  other  methods.  Any  pressure 
distortion  induced  by  the  intake  and  any  temperature  profile  disturbances  are  eliminated 
as  much  as  possible.  Therefore,  measurements  made  farthest  downstream  of  the  engine  will 
usually  give  better  results  than  those  carried  out  just  behind  the  fan. 

If  on  the  other  hand  the  gross  thrust  is  obtained  by  nozzle  parameters  as  mentioned 
above  and  the  a’rflow  is  calculated  from  a  fan  map,  the  method  is  denoted  as  being 
"unlinked".  The  accuracy  one  can  expect  is  lower  because  independent  measurements  are 
subject  to  individual  tolerances  which,  in  turn  require  individual  mathematical 
approaches  (see  also  para  III).  This  happens  in  principle  to  some  of  the  secondary 
options  provided  as  back  up  methods. 

*  These  options  have  been  selected  out  of  a  total  of  about  32  ways  of  computing  basic 

parameters  required  to  obtain  the  net  thrust  by  combining  gross  thrust  and  airflow 
subroutines.  The  selection  was  done  with  respect  to  the  highest  accuracy  achievable 
toqether  with  the  utmost  simplicity  in  the  computational  methods. 

One  of  these  secondary  options  fulfills  the  requirement  of  easy  and  quick  estimation 
of  actual  installed  thrust  just  prior  to  take  off. 

The  following  table  shows  the  subroutines  combinations  of  which  lead  to  the  12  net 
thrust  options. 


Massf low 

Gross  Thrust 

TT6  Calcul. 

B 1  fan-character. 

Al  FAP-method 

Cl  engine  heat  balance 
requ .  for  those 

B2  by-pass  calibr. 

+  heat  balance 

B3  by-pass  calibr. 

+  heat  balance 
+  turbine 
capacity 

B4  nozzle  calibr. 

+  heat  balance 

A2  FM-method 

A3  nozzle  pressure 
methods 

options  which  use 

A2  or  A3  in 
combination  with 

B3  or  B4 . 

For  the  detailed  flow  charts  see  fig.  2  to  6.  The  air  mass  flow  subroutines  B1,  B2,  B3 
and  B4  are  combined  with  the  gross  thrust  subroutines  A1,  A2  and  A3,  thus  givinq  12 
options  to  calculate  gross  and  net  thrust  by  use  of  flight  data.  A  distinction  will  be 
made  between  linked  and  unlinked  methods.  For  engine  station  identifiers  see  Fig.  1. 

Option  1  (see  Fig.  2)  is  an  unlinked  method.  Airflow  is  obtained  by  use  of  a  certain 
form  of  the  fan  characteristic  (B1). 

Since  this  kind  of  fan  map  is  a  function  of  the  engine  pressure  ratio  EPR  =  PMIX/PT1 
or  PS6/PT1  the  intake  pressure  recovery  map  has  to  be  included  in  the  calculation  loop 


(airflow  Ml  is  a  function  of  PT 1  which  in  turn  depends  on  Ml  via  the  intake  recovery 
characteristic).  Then  qross  and  net  thrust  can  easily  be  determined  by  use  of  the  FAP 
graph  Al.  For  the  definition  of  PMIX  see  Fig.  9 


That  graph  Al  is  generated  from  sea  level  test  bed  data.  The  expansion  to  higher 
pressure  ratios  PMIX/Pamk  or  PS6/Pamj;i  can  be  done  by  AFT  calibration.  This  graph  is  valid 
for  the  uninstalled  as  well  as  for  the  installed  enqine,  i.e.  power  of  takes,  bleed  air 
extractions  and  aircraft  intake  effects  result  in  an  appropriate  pressure  ratio  change, 
thus  always  yieldinq  the  correct  qross  thrust.  For  the  reheated  engine,  lines  of  constant 
R/H-nozzle  area  Aj  can  be  plotted  and  used  same  as  in  the  dry  case. 

The  intake  recovery  characteristics  f)R  =  f  (WAT,  a  ,  Ma )  usually  represent  model  data 
which  may  be  confirmed  or  improved  through  flight  test.  A  46-probe  rake  is  sufficient  for 
this  task  but  the  number  of  test  conditions  at  which  stabilized  data  must  be  gathered  is 
rather  high. 

The  fan  characteristic  B1  is  the  result  of  SLTB-  and  ATF  data.  This  special  form  was 
selected  to  provide  a  unique  line  for  any  operating  condition.  Experience  shows  that  the 
scatter  encountered  is  just  about  acceptable  for  this  characteristic  to  be  used  as  a  back 
up  subroutine. 

Option  2 

( Fiq .  3,  unlinked  method)  Subroutine  B2  does  not  require  intake  recovery  curves 
because  the  airflow  Ml  is  obtained  in  a  straight  forward  manner  from  measured  engine 
parameters,  a  by-pass  calibration  curve  and  the  overall  engine  heat  balance.  Gross  and 
net  thrust  is  calculated  as  before  with  option  1.  The  advantaqe  of  the  by-pass 
calibration  according  to  subroutine  B2  or  B3  is,  that  the  by-pass  ratio  can  easily  be 
determined. 


Option  3 

(Fig.  4,  unlinked  method)  requires  the  turbine  capacity  (MVT7P>3  because  the  heat 
balance  covers  only  the  combustion  chamber.  The  turbine  stator  inlet  temperature  TT3  is 
found  by  an  iteration  process  which  in  turn  leads  to  the  unknown  engine  core  flow.  Total 
airflow  Ml  is  obtained  by  adding  the  core  flow  and  by-pass  flow,  which  has  been  deter¬ 
mined  from  the  calibration  curve  same  as  in  option  2.  The  advantaqe  of  this  subroutine  B3 
relative  to  the  simple  B2  subroutine  is  the  possibility  one  has  to  calculate  the  HP-tur- 
bine  rotor  entry  temperature  SOT  from  TT3.  The  turbine  capacity  M3/TT}/PT3and  the  indi¬ 
vidual  compressor  bleed  factors  have  to  be  supplied  by  the  engine  manufacturer.  Espe¬ 
cially  the  turbine  capacity  should  be  very  accurate  because  a  variation  of  1  »  entails  an 
unacceptable  stator  inlet  temperature  deviation. 


Option  4 


(Combination  B4-C1-A1,  linked  method)  This  combination  of  nozzle  calibration 
(subroutine  B4)  and  heat  balance  provides  a  preferable  method  by  which  the  airflow  is 
determined.  The  calibration  curve  "flow  function  v.s.  pressure  ratio"  is  derived  from 
SLTB  data  and  extended  by  use  of  ATF  test  results.  The  unknown  airflow  Ml  and  the  mean 
jet  pipe  or  nozzle  entry  temperature  for  either  dry  or  reheated  operation  is  calculated 
by  an  iterative  process  on  the  engine  heat  balance  (Subroutine  Cl).  Gross  and  net  thrust 
are  obtained  as  described  above. 


Option  5,  6,  7  (unlinked)  and  8  (linked) 


(Fiq.  5,  option  5  presented  as  example.)  The  major  difference  between  options  1/5, 
2/6,  3/7  and  4/8  is  the  use  of  a  second  type  of  gross  thrust  function  FG/ ( M6-VTT6 )  vs 
(pressure  ratio)  instead  of  FG/ ( A j • Pamb) .  This  function  A2  is  as  reliable  as  A)  in  terms 
of  data  scatter.  Since  this  characteristic  implies  the  unknown  nozzle  entry  temperature 
TT6 ,  the  subroutine  Cl  has  to  be  incorporated  into  options  5,  6  and  7.  The  heat  balance 
Cl  is  already  required,  as  described  for  option  4,  for  the  flow  function  of  the  nozzle 
Calibration  B4  and,  therefore  immediately  available  for  the  gross  thrust  subroutine  A2. 
For  the  definition  of  the  engine  heatbalance  see  Fig.  9. 


gtion  9,  10,  11  (unlinked)  and  12  (linked) 


(Fig.  6,  option  12  presented  as  example.)  Calculation  of  air  mass  flow  Ml  is  performed 
as  in  options  1/5,  2/6,  3/7  and  4/8,  however,  the  gross  thrust  subroutine  A3  provides  a 
more  ambitious  approach  to  thrust  via  the  nozzle  pressure  ratio  NPR.  Engine  parameters  to 
be  measured  are  fuel  flow,  jet  pipe  pressure,  nozzle  area  and  bleed  air  flow.  The 
iteration  on  the  heat  balance  jet  pipe  pressure,  nozzle  area  and  bleed  air  flow.  The 
iteration  on  the  heat  balance  leads  to  the  nozzle  temperature  required  to  determine  the 
NPR.  Since  the  measured  nozzle  area  is  a  geometric  rather  than  an  aerodynamic  area  and 
the  total  pressure  PT7  ■  PT6  does  not  include  any  losses,  the  calculated  ideal  gross 
thrust  has  to  be  corrected  with  the  so-called  thrust  coefficient  CG.  This  coefficient 
is  function  of  NPR  and  therefore  a  typical  result  of  ATF  testing.  During  the  early  test 
phases  an  altitude  effect  became  apparent  expressing  itself  through  distinct  CG-lines. 
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It  can  be  shown  that  there  is  no  altitude  effect,  if  a  temperature  correction  is  applied 
to  the  measured  nozzle  area,  which  takes  thermal  expansion  of  the  nozzle  petals  into 
account.  The  Cq  -data  then  collapse  within  the  usual  scatter. 

These  secondary  options  have  been  used  as  well  for  back  up  investigations  as  for 
special  purposes.  Data  and  results  are  presented  in  para  II. 

The  flow  chart  for  the  "main  option”  is  shown  in  Fig.  7.  After  having  stored  the  data 
obtained  during  flight  the  loop  starts  with  an  initial  TT5-input. 

Nozzle  exit  pressure  is  calculated  from  measured  area  weighted  PMIX  by  ui;>  of  the  iP- 
calibration  curve  which  is  based  on  ATF  data.  With  the  static  thermodynamic  parameters  in 
the  nozzle  exit  plane  and  discharge  coefficients  obtained  from  model  tests  the 
aerodynamic  nozzle  area  A7  is  determined  and  compared  with  the  measured  nozzle  area  Aj . 
This  comparison  will  usually  show  that  both  areas  differ  after  this  first  step. 

Therefore,  the  whole  calculation  is  restarted  after  having  corrected  the  calculated 
nozzle  area  A7  by  a  term.  This  AAj  value  is  obtained  from  another  calibration  curve 

AAj/Aj  -  f  <0  S). 

If  A7- A  Aj  and  Aj  are  identical  after  the  nth  loop,  gross  and  net  thrust  and  various 
engine  parameters  can  be  determined.  If  the  engine  was  in  reheated  operation,  the  calcu¬ 
lation  of  the  static  parameters  in  the  nozzle  exit  plane  including  the  reheat  nozzle  area 
requires  the  determination  of  the  reheat  temperature  and  the  fundamental  pressure  loss 
due  to  heating.  In  this  case  the  third  calibration  curve  for  the  reheat  efficiency 
^Reheat  =  f  ( R/H-temperature  TT7 )  is  used.  Again  this  characteristic  is  the  result  of 
SLT8  and  ATF  testing.  The  required  max.  capability  curves  for  TT7  and  reheat  efficiency 
have  been  evaluated  from  component  test  beds.  The  subsequent  calculational  steps  are  then 
the  same  as  above. 

If  the  instrumentation  standard  of  the  test  engine  does  not  include  the  rakes  to 
measure  PT4  and  PT4LB  which  give  the  area  weighted  PMIX,  a  calibration  curve  EPR  vs.  ( MFM 
or  NL//9^  would  aid  in  establishing  PMIX.  These  curves  are  the  result  of  a  great  number 
of  ATF-  and  flight  tests  with  appropriately  instrumented  engines  of  the  same  performance 
standard.  Due  to  the  data  scatter  the  accuracy  in  thrust  is  about  1  to  2  %  worse  than 
that  achievable  by  a  "heavily"  instrumented  engine. 

The  subsequent  calculation  is  basically  identical  to  the  above  described  pattern,  but 
due  to  the  fact  that  PT1  is  reuqired  so  as  to  determine  PMIX  from  EPR,  it  is  necessary  to 
incorporate  P'l :  into  the  calculation  loop  because  it  depends  on  airflow  (intake  recov¬ 
ery!)  which  improves  after  each  loop  until  A7-AA3  =  A j ,  as  already  mentioned. 

With  the  subcritical  spillage-,  intake  bleed-  and  afterbody  interference  drag  charac¬ 
teristics  applied  to  the  net  thrust  the  so-called  "installed  net  thrust"  FNIN  can  be 
estimated.  Due  to  the  bookkeeping  method  used  only  thrust  dependent  drag  components  have 
to  be  used  to  distinguish  between  engine  thrust  and  aircraft  drag. 

Within  the  scope  of  engine  performance  it  is  customary  to  establish  a  performance  map 
thrust  vs.  Machnumber  with  altitude,  air  mass  flow,  engine  pressure  ratio  and  s.f.c.  as 
parameters,  for  example.  Therefore,  it  is  mandatory  to  correct  the  engine  parameters  as 
calculated  from  test  data  to  round  numbered  altitudes  and  to  a  certain  temperature  level 
(e.g.  ISA  or  ISA  +  15).  In  the  following  these  are  named  reference  or  standard  condi¬ 
tions.  This  correction  is  done  by  a  test  engine  performance  correction  programm  (Fig.  8). 
Basically  the  correction  is  made  by  use  of  a  "ratio  or  slope  method":  after  having 
calculated  the  engine  parameters,  e.g.  compressor  pressure  ratios,  engine  pressure  ratio, 
airflow,  turbine  entry  temperature  in  the  above-described  option  13,  these  parameters 
will  then  be  determiend  anew  using  appropriate  gas  generator  characteristics  for  test 
conditions  as  well  as  for  reference  conditions.  The  corrected  data  then  are  obtained  by 
the  following  equation: 

corrected  data  =  test  data  x  9a-s  .^.rator  data,,  refer  .cond  ■ 

gas  generator  data,  test  cond. 

Thus  the  final  results  as  gross  thrust,  net  thrust,  airflow,  s.f.c  corrected  to 
standard  or  any  other  reference  condition  are  then  calculated  in  exactly  the  same  manner 
as  they  have  been  computed  in  the  main  option  for  test  conditions. 


2.  GENERAL  PRESENTATION  OF  RESULTS 

In  the  following,  some  graphs  will  be  shown  and  briefly  discussed  as  far  as  calibra¬ 
tion  curves  are  concerned  as  used  in  the  thrust  options.  In  addition,  also  some  flight 
test  results  pertaining  to  engine  performance  are  presented. 

A  convenient  generalized  presentation  of  these  results,  with  only  a  small  scatter,  are 
plots  of  gross  thrust  functions  pG/(pamb  •  Aj)  vs>  p/pamb  <*  FApr  subroutine  A1 )  or 
FG/(M6  .VTfi )  vs.  p/pamb  (“  FM<  subroutine  A2).  It  should  be  pointed  out,  that  gross 


thrust  functions  calculated  with  PMIX  be  plotted  against  the  independent  pressure  ratio 
PS6/Pamb  and  if  calculated  with  PS6,  be  plotted  aqainst  PMIX/Pamb. 

Fig.  10  shows  the  FAP  calibration  curve  established  using  ATF  data,  i.e.  using  without 
exception,  only  measured  engine  and  ambient  parameters.  The  mean  curve  through  these  data 
appears  again  on  Fig.  11.  The  data  points  along  this  line  are  the  results  of  10  test 
fliqhts.  In  this  case  the  qross  thrust  was,  of  course  calculated  utilizing  the  main 
propulsion  programme  according  to  Fig.  7.  Both  characteristics  show  small  scatter,  which 
means  that  this  is  a  reliable  method. 

Since  all  the  FAP-data,  i.e.  uninstalled  pass-off  data  from  SL  Test  Bed,  installed 
acceptance  test  data  from  the  aircraft  with  or  without  power  and/or  bleed  extraction  and 
intake  influences,  as  well  as  ATF  test  data  collapse,  for  a  certain  A^,  onto  a  unique 
line,  it  is  obvious  that  this  simple  method  should  be  used  for  gross  thrust  calculations 
lust  prior  to  take  off.  Especially  if  overload  take  offs  at  high  ambient  temperatures 
have  to  be  performed,  the  measurement  of  just  PMIX  or  PS  6,  Pamb  and  A;  allows  the 
on-line  determination  of  qross  thrust  and  thus  the  decision  whether  a  single  engine  climb 
out  is  feasible  should  the  higher  thrust  engine  fail  at  the  critical  point  during  the 
take  off  run. 

Similar  results  can  be  obtained  if  the  data  are  plotted  as  in  Fig.  12  and  13.  The 
former  again  represents  ATF  data  with  PS  6,  PMIX,  M6  and  FG  being  measured  values.  The 
mixed  temperature  TT6  is  calculated  by  use  of  the  engine  heat  balance.  Fig.  13  contains 
the  mean  PMI X/Pamb-curve  of  Fig.  12  and  calculated  gross  thrust  data  which  are  based  on 
in-fliqht  measurements.  Again,  in  both  figures  the  scatter  is  small.  A  deviation  of 
in-fliqht  data  from  the  ATF  calibration  curve  is  not  discernible.  In  Fig.  14  the  fan 
characterist ic  according  to  subroutine  B1  is  plotted  with  ATF  data.  The  results  of  the 
calculations  using  in-flight  data  are  satisfactory  in  comparison  with  the  nozzle  calibra¬ 
tion  method. 

Tha  by-pass  calibration  curve  as  required  in  subroutines  B2  and  B3  is  presented  in 
Fig.  15.  The  results  have  been  obtained  by  use  of  ATF  data  with  the  B2-subroutine  itself 
runninq  in  a  reverse  mode.  Since  the  data  scatter  in  this  case  is  about  +  5  %  the  final 
results  obtainable  with  option  2,  6  and  10  are  just  about  acceptable.  A  quite  similar 
picture  can  be  produced  with  the  B3-subroutine  which  contains  a  different  heat  balance. 
The  scatter  is  slightly  worse.  Therefore,  options  3,  7  and  11  as  well  as  2,  6  and  10  are 
used  only  as  back  up  methods  or  for  turbine  entry  temperature  and  by-pass  ratio  determi¬ 
nation,  respectively.  Ref.  para  I. 

Good  results  can  be  obtained  with  the  nozzle  calibration  curve  of  subroutine  B4.  If 
the  data  points  are  interpreted  as  having  scatter  (this  happened  with  some  engines)  the 
uncertainty  is  +  1.5  %.  However,  in  this  case  (Fig.  16)  an  altitude  effect  can  be  ob¬ 
served  rather  than  a  scatter.  If  this  fact  is  taken  into  consideration  the  uncertainty  is 
reduced  to  +  0.4  %  for  the  worst  data  points. 

Finally  the  most  important  calibration  curves  required  for  the  thrust  derived  Pj 
method  are  discussed.  The  jet  pipe  pressure  loss  for  dry  engine  operation  Ap  =  PMIX  -  Pj 
has  to  be  known  in  order  to  calculate  gross  thrust  and  mass  flow  from  Pj  =  PT7  via  the 
flight  measured  PMIX.  The  analysis  of  ATF  data  showed  no  significant  difference  between 
the  area  and  momentum  weighted  PMIX,  but  the  area  weighting  method  does  not  require  the 
determination  of  the  by-pass  ratio.  It  is  therefore  reasonable  to  use  the  simpler  and 
consistent  area  weighting  method.  This  Pj  can  be  computed  from  ATF  data  by  use  of  the 
following  ideal  thrust  equation  for  convergent  nozzles: 

Y  -  1 

(1)  FG  =  Aj  .  Pamb  .  -U — — )  Y  -ll  (subcritical 

Y-  1  \  pamb'  nozzle  condition) 

(2)  FG  =  Aj  ■  Pamb-|^-  2i  J  Y  -  1'  j  .  Pj  _  i  J.  (supercritical) 

Since  all  parameters  except  Pj  have  been  measured,  the  latter  can  be  determined  and 
thus  Ap  too  (Fig.  17).  The  ratio  of  true  specific  heats,  y  ,  is  calculated  within  the 
iteration  process,  which  implies  the  determination  of  the  required  mean  gas  temperature 
at  the  nozzle  exit  TT7  by  heat  balance. 

This,  in  turn,  allows  the  calculation  of  AAj  =  Ajmeasured  -  ^jcalcul"  ( F  i  <3  -  18)  from 
the  isentropic  expression  for  non-dimensional  mass  flow  at  the  nozzle  exit: 


/ M  •  /T) 

(2  •  Y 

r  Y  -1 

/  Pj  )  Y  , 

w  1/2  Y  +  1 

1  /  pj  1  2  Y 

(Pj  '  *  /  7 

(  R • ( Y  -1 ) 

'  pamb ' 

lx 

A7  can  now  be  determined  and  compared  with  the  measured  Aj.  The  nozzle  gas  flow  M7  is 
obtained  by  adding  the  fuel  flow  to  and  subtracting  any  bleed  mass  flows  from  the  engine 


\ 


■V 
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inlet  airflow  Ml  measured  with  the  aid  of  a  venturi  facility  in  the  ATF.  Both,  AP/PMIX 
and  A  A/As ,  are  plotted  vs.  the  flow  function  at  station  "5",  i.e.  at  reheat  entry,  as 
ms  -{ttT/phix. 

For  the  reheated  engine  the  reheat  efficiency  calibration  curve  (Fig  19)  is  required 
from  ATF  data  by  the  reverse  use  of  option  13  with  all  necessary  ATF  engine  parameters 
being  input  parameters.  The  main  difference  to  the  dry  engine  operation  as  far  as  the 
pressure  loss  between  stations  "MIX  =  S"  and  ”J  =  7"  is  concerned  is  the  fundamental 
pressure  loss  due  to  heatinq.  While  calculating  PjREHEAT'  the  dry  A P-characterist ic  is 
assumed  to  be  unchanged,  and  therefore,  used  as  in  the  non-reheated  case.  The  capability 
terms  in  Fig.  19  are  functions  of  the  by-pass  exit  conditions  and  thus  established 
through  component  testing. 

Once  series  of  test  flights  with  a  sufficient  number  of  suitable  aircraft  manoeuvres 
have  been  completed,  preferably  steady  levels,  but  also  level  accelerations  and  climbs 
with  constant  Machnumber,  at  maximum  dry  ( MAXD )  or  maximum  reheat  ( MAXR )  power,  engine 
flight  performance  maps  can  be  established.  An  example  for  such  a  performance  map  may  be 
a  presentation  of  thrust  vs.  machnumber  and  altitude  with  lines  of  constant  airflow, 
s.f.c.  and  others  superposed.  This  is  possible  for  the  reheated  and  non-reheated  engine 
at  the  appropriate  maximum  power.  For  comparison  each  may  be  plotted  usinq  either 
predicted  or  test  data.  The  test  data  should  be  corrected  for  round  numbered  altitudes 
and  ISA  conditions. 

Other  ways  of  presenting  engine  performance  can  easily  be  imagined,  of  course,  for 
example  FNIN  vs  ( MFM ,  Ma,  HPT)  or  SFC  vs  ( FNIN ,  NH ,  Ma,  HPT). 

Some  remarks  on  the  performance  of  convergent  nozzles  will  conclude  this  section.  In 
general,  nozzle  performance  is  expressed  in  terms  of  nozzle  coefficients,  which  take 
account  of  actual  flow  effects  such  as  (1): 

Three  dimensional  nature  of  the  flow  in  the  nozzle 

non-uniformity  of  pressure  and  temperature  profiles  in  the  planes  of  measurement 

coverage  of  pressure  and  temperature  probes,  which  will  not  necessarily  give 
representative  mean  values 

local  flow  direction  deviations 

dissociation  at  high  temperatures 

pressure  losses  due  to  friction  and  due  to  facilities  as  flame  holders  between 
plane  of  measurement  and  nozzle 

The  following  nozzle  coefficients,  as  defined  at  the  nozzle  throat,  are  in  common  use: 

discharge  coeff.  CD  =  _Mact  ^/it-Aid  ■■  '.fSt  =J5act _ 

Aactpt  /Aact'pt  ^id 


or  CD  «  —tiact  . '  YXt /Jlact .  'J^Tt*  =  ideal - 

Aact'pt  /  Aid  '  pt  Aactual 

both  for  the  same  NPR.  The  resulting  numerical  values  of  CD 

thrust  coeff.  Cx  *  fr,.act  Ac  id  and 

Mact  /tty  "id  ■ 


thrust  coeff.  Cq  -  Fr< 


'act 


■  amb 


Aa  id  p - 

/  ftact  •  camb 


It  can  easily  be  shown  that  Cq  =  CD  •  Cx  (for  the  convergent 


are  idential, 


nozzle,  only)  . 


These  coefficients  -  as  function  of  NPR  -  represent 
determined  preferably  by  ATF  testing.  The  results  can 
be  used  for  th rus t- i n-f 1  igh t  purposes,  keepinq  in  mind 
completely  consistent  approach  between  calibration  and 


typical  characteristics  to  be 
-  as  all  the  other  calibrations  - 
that  it  is  important  that  a 
application  is  maintained. 


As  at  the  beqinninq  of  a  test  proqramme  a  sufficient  number  of  data  such  as  full  scale 
nozzle  coefficients  are  usually  not  available,  model  nozzle  characteristics  obtained 
usinq  cold  air  instead  of  hot  gases  are  supplied  by  the  engine  manufacturer.  Therefore, 
early  calculations  with  test  data  are  restricted  by  these  shortcomings. 


However,  ATF 
to  2  2  show  ATF 
NPR  appears  to 


testing  allows  for  comparison  between  full  scale  and  model  data, 
data  related  to  the  appropriate  model  data.  For  example  CD/CpnoDEL 
be  equal  to  1  for  NPR  >  NPRqRIT  within  a  scatter  of  +  0.5  %  (Fig. 


Figs . 


vs 
20)  . 


20 


'It -N 


It  deviates  up  to  -  2  %  for  lower  NPR.  In  general,  it  can  be  stated  that  the  ratio  of  1 
is  maintained  and  the  scatter  decreases  to  about  +  0.2  %  for  hiqher  NPR's. 

The  CX/CXM0DE[ -characteristic  tends  to  values  between  0.98  and  0.99  for  NPR >•  1 . 9 
(see  Fiu,  21).  A  similar  picture  is  shown  for  the  gross  thrust  coefficient  ratio 
cC,/cGMODEL  vs  NPR  in  Fic1-  22  • 

Even  if  these  facts  should  be  ignored,  the  effect  on  the  accuracy  of  the  thrust-in- 
fliqht  calculations  would  be  of  lower  order  as  long  as  consistency  -  either  only  model 
data  or  only  full  scale  data  are  used  -  is  maintained. 


3.  ATE  TESTING  REQUIREMENTS  AND  ACCURACY  ACHIEVABLE 

Aircraft  performance  evaluation  phases  usually  require  enqines  to  be  either  pre-flight 
or  post-fliqht  ATE  calibrated.  The  calibration  runs  should  be  performed  at  those  condi¬ 
tions  at  which  the  test  flights  will  be  carried  out.  These  will  normally  cover  great 
parts  of  the  flight  envelope  with  the  guarantee  points  being  included  as  a  minimum.  In 
the  case  of  a  pre-fliqht  calibration  the  ATF  test  points  will  be  at  ISA,  in  the  other 
case  the  mean  ISA  conditions,  at  which  most  of  the  flights  have  been  performed,  should 
preferably  be  applied.  At  any  test  condition  the  engine  has  to  be  stabilized  within  a 
certain  R.P.M.  range  and  -  if  applicable  -  within  a  certain  reheat  power  range.  The 
latter  will  chiefly  cover  the  supersonic  flight  regime.  Both  the  R.P.M.  and  R/H  ranqes 
are  required  to  obtain  calibration  lines  rather  than  calibration  points. 

The  most  important  requirement  for  any  calibration  is  that  the  enqine  remain  "sealed" 
under  any  circumstances,  i.e.  in  terms  of  instrumentation,  fuel  flow  meters  and 
components,  after  removal  from  either  the  ATF  or  the  aircraft,  into  whichever  facility  it 
was  first  installed.  Otherwise  the  consistency,  as  discussed  in  para  II.  is  not  longer 
mai nt a i ned . 


Several  investigations  have  been  made  concerning  accuracies  (1),  (3),  (4)  in  terms  of 
mathematical  handling  of  linked  and  unlinked  methods,  influence  coefficient  estimation, 
error  limit  classification  and  effects  of  whether  one  or  more  engines  were  SLTB-and/or 
ATF-cal ibrated  for  a  given  performance  phase. 

The  advantage  of  the  linked  methodoloqy  is  the  smaller  uncertainty  achievable  due  to 
the  beneficial  effects  of  non-independent  errors  (the  mass  flow  is  used  to  calculate 
inlet  momentum  as  well  as  gross  thrust).  Thus  errors  may  cancel  out  in  the  net  thrust. 
Erros  in  the  unlinked  methodoloqy  are  assumed  to  be  independent.  This  leads  to  a 
root-sum-square  combination.  An  Example  may  clear  the  situation:  for  FG/FN  =  2 ,  1  %  error 
in  FG,  1  *  error  in  inlet  momentum  FO 


-  the  unlinked  method  results  in: 


gPlZHl  =  l/22x (  1  %)2  +  (-1  )  2x<  1  %)2  =  2,24  %  error  in  FN 

PM  F 


-  the  linked  method  results  in: 


EL(FN) 

FN 


2x1  * 


1x1  * 


% 


error  in  FN,  because  FG  and  FO  are  linked  by  airflow. 

The  influence  coefficient  IC  can  be  defined  as  the  percentage  change  in  the  result 
(net  thrust  for  example)  caused  by  1  %  change  in  a  input  measurement  (e.g.  pressure, 
temperature  or  fuel  flow).  This  can  easily  be  done  by  the  use  of  the  appropriate  thrust 
calculation  programme,  e.g.  the  main  option.  The  results  of  such  an  investigation  for  two 
given  flight  conditions  are  presented  in  Fig.  23  and  Fiq.  24  as  an  example. 

For  a  Gaussian  distribution  the  "2-0 -Uncertainty"  or  "2  o-Error  Limits"  of  parameter  x 
(=EL(x))  is  defined  under  the  restriction  that  the  various  parameters  be  independent  of 
each  other  and  be  within  the  same  error  class. 

The  following  equation  expresses  the  2-0  -uncertainty  of  a  final  result  y  (e.g.  net 
thrust)  in  terms  of  error  limits  and  influence  coefficients  for  one  or  more  input 
measurements  xj: 


X  EL(jO 

■  \/  ?{Kv] 

.  \r  EL(xi>ll 

y 

T  ‘i  J) 

9y 

I C  ( y :  x . ) 

1 
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If  2-  rfj  is  the  uncertainty  of  one  engine  and  2-  £ -  that  of  the  second  engine  to  be 
installed  in  the  aircraft,  the  uncertainty  of  the  installed  thrust  is  determined  by 

2-tf(FNiN)  y2) 2_l 


The  2-6" -values  in  the  following  table  have  been  calculated  on  the  supposition  that 
the  uncertainty  of  the  SLTB-cal ibrat ion  of  Ap,  AAj  and  Hreh  is  twice  that  of  the  ATF 
calibration  and  the  instrumentation  is  unchanged,  as  stated  above. 


Altitude 

5000  ft 

5000  ft 

20000  ft 

20000  ft 

Mach  No. 

0.45 

0.7 

0.9 

1.4 

Power 

dry 

dry 

dry 

Combat 

1  ATF  cal. 

3,9  % 

3,5  % 

3,0  % 

5,8  % 

2  ATF  cal. 

2,8  % 

2,5  % 

2,1  % 

4,1  % 

1  SL  cal. 

6,5  % 

6,2  % 

5,8  % 

8,0  % 

2  SL  cal. 

4,6  % 

4,4  « 

4,1  % 

5,7  % 

1  SL  +  1  ATF 

3,8  % 

3,6  % 

3,3  % 

4,9  % 

4.  CONCLUDING  REMARKS 

The  results  achieved  during  in-flight  tests,  ground  tests  with  the  aircraft,  ATF  and 
SLBT  tests  as  shown  in  the  aforementioned  Figures  lead  to  the  conclusion  that  test 
techniques  and  evaluation  methods  are  available,  which  give  immediate  answers  to  the 
question  whether  the  measured  or  calculated  gross  thrust  or  the  instrumentation  is  wronq. 
Furthermore,  ambitious  calculation  methods  in  connection  with  sufficient  calibrations 
allow  good  results  in  terms  of  non-dimensional  as  well  as  absolute  values  as  they  are 
required  for  on  overall  assessment.  Higher  accuracy  is  achieved  if  linked  methods  are 
used.  Best  accuracy  can  be  obtained  if  at  least  those  2  engines  of  any  performance 
standard  are  ATF  calibrated,  performance  and  aircraft  drag  shall  be  analysed  with.  This 
should  imply  the  successive  up-date  of  those  parts  of  the  software  which  are  subject  to 
alteration  due  to  progress  of  testing. 

In  any  case,  it  is  most  important  that  consistency  be  maintained  between  calibration 
(ATF)  and  application  (flight  test  analysis)  if  the  above  mentioned  evaluation  methods 
are  used,  because  consistency  may  be  impacted  by  negligences  in  the  software  as  well  as 
in  the  hardware  handling. 
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DISCUSSION 


Don  Kuilnitski.  NKl'l •.  (  a 

How  good  iloos  the  engine  culihmtinn  hold  during  the  life  «>f  the  engine?  Also,  if  some  components  have  to  be 
replaced  in  service,  is  a  recalihration  required? 

Is  the  calibration  also  a  function  of  measured  total  pressure  profile? 

Author’s  Keply 

Since  the  High!  engines  ATI  tested  so  far  have  been  pre-  OR  post-calibrated,  rather  than  pre-  .1 XI)  post -calibrated, 
the  answer  can  be  given  only  indirectly,  referring  to  the  thrust  evaluation  method  presented.  By  calibrating  the 
nozzle  and  measuring  down  stream  of  all  components  eventually  to  be  replaced,  all  effects  of  deterioration  due  to 
aging  are  automatically  included.  Thus  the  thrust  may  change,  but  not  the  calibration  itself. 

If  components  are  changed,  a  careful  comparison  of  the  original  SI.  calibration  (pass  off  test  (with  the  new  one  will 
give  an  answer  whether  a  new  ATI-  calibration  is  required. 

No.  because  all  pressure  probes  are  ganged,  thus  giving  a  mean  pressure. 
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LES  ESSAIS  EN  VOL  DE  MOTEURS  D'AVIONS  DE  COMBAT  -  METHODES  DE  VALIDATION  EMPLOYEES  PAR  LE  CEV 


Par 

l'lng£nleur  Principal  de  l'Armement  MONLIBERT 
et 

l'lng^nieur  Principal  des  Etudes  et  Techniques  de  l'Armement  TAPELLA 
Centre  d'Essais  en  Vol 
13128  ISTRES  AIR,  France 


RESUME 

Pour  les  moteurs  d'avions  de  combat,  la  validation  du  standard  de  syrie  ne  peut  6tre  dyfini- 
tivement  acquise  qu'aprAs  des  essais  en  vol.  Les  essais  de  validation  effectu£s  par  le  CEV  permettent  ainsi 
de  s 'assurer  du  bon  fonctionnement  de  l'ensemble  des  moteurs  de  syrie  dans  les  conditions  d'emploi  les  plus 
critiques  et  de  verifier  en  vol  leur  conformity  A  certaines  exigences  contrac tuelles  et  ryglementaires .  AprAs 
recensement  des  paramAtres  influents  et  inventaire  des  conditions  d 'utilisation  qui  doivent  faire  l'objet 
d1 essais  en  vol,  le  principe  des  mythodes  employyes  sera  exposy.  Ces  mythode3  consistent  soit  A  essayer  des 
moteur s"extrymes"  construits  A  partir  d'ylyments  choisis  ou  rygiys  chacun  en  limite  de  toiyrance,  soit  A  simu- 
ler  les  configurations  extremes  par  des  rdglages  appropriys  des  rygulateurs. 

NOTATIONS  EMPLOYEES 

N  vitesse  de  rotation 

T  tempyrature  totale  A  I'entrye  du  compresseur 

H  taux  de  compression 

P  preasion  de  sortie  du  compresseur 

C  ddbit  instantany  de  carburant 

d  density  de  carburant 


1 .  INTRODUCTION  :  BUTS  DES  ESSAIS  DE  VALIDATION 

A  la  mise  en  service  d'un  nouvel  avion  de  combat,  11  convient  d' avoir  la  certitude  que  l'en¬ 
semble  des  moteurs  de  syr ie  fonctionneront  correc tement  dys  lors  que  chacun  d'entre  eux  aura  satisfait  aux 
ypreuves  ind ividue 1 les  de  ryception. 

Ce  rysultat  ne  peut  ®tre  acquis  qu'aprAs  la  ryalisation  d'un  programme  de  ddmonstration  com- 
portant  notamment  des  essais 

-  au  banc,  en  conditions  de  vol  simuiyes 

-  en  vol  sur  1 'avion  de  combat  auquel  ie  moteur  est  destiny. 

La  dymonstration  en  vol  se  fait  dAs  que  le  standard  de  syrie  est  figd.  En  France,  pour  les 
programmes  nationaux,  cette  tflche  incombe  au  CENTRE  D'ESSAIS  EN  VOL,  d tabl issement  de  la  Direction  Tech¬ 
nique  des  Constructions  Ayr onaut iques . 

Au  cours  de  cette  dymonstration,  le  CEV  doit  : 

-  vyrifier  1 'adaptation  du  moteur  de  sdrie  A  1 'avion  de  syrie  dans  les  conditions  d'emploi 
pryvues  par  les  clauses  techniques  et  s 'assurer  que  les  exigences  rdglementaires  et  contractuelles  vyri- 
fiables  en  vol  sont  satisfaites 

-  valider  des  consignes  et  un  domaine  d'utilisation  pour  l'ensemble  des  moteurs  de  syrie  en 
tenant  compte  de  la  dispersion  liye  aux  toiyrances  de  ryglage  et  de  fabrication. 

De  tels  essais  doivent  done  fttre  menys  de  fa$on  A  rendre  compte  du  comportement  des  moteurs 
les  "moins  bons"  susceptibles d  tre  fabriquys  en  nombre  s ignif icatif .  C'est  pourquoi  le  CEV  a  yty  ameny 
en  accord  avec  les  cons  true teurs ,  A  adopter  certaines  cathodes  de  travail. 

Nous  vous  proposons,  aprAs  une  brAve  ynumyration  des  essais  en  vol  A  entreprendre  dans  le  ca¬ 
dre  de  la  dymonstration,  d 'exposer  les  principes  de  ces  mythodes. 


2.  INVENTAIRE  DES  ESSAIS  A  EFFECTUER 


La  nature  des  essais  A  entreprendre  et  leur  volume  dypendent  de  plusieurs  facteurs  tels  que 
la  complexity  du  moteur  et  la  nature  des  missions  attribuyes  A  1 'avion. 

II  est  clalr  par  exemple  qu'un  appareil  devant  yvoluer  dans  un  domaine  de  vol  trAs  ytendu  doit 
faire  l'objet  d'essals  plus  noobreux  qu'un  avion  destiny  unlquement  A  la  basse  altitude.  De  m£me  l'exis- 
tence  de  disposltifs  particullers  (rychauffe,  appauvr isaeur  de  tlr,  rygulatlon  de  secours)  contribue  A 
accroltre  le  nombre  de  vyr if lcations . 

L' ynumyration  qui  va  suivre  constitue  une  enveloppe  des  essais  en  vol  habituellement  effec- 
tuys  dans  le  cadre  d'une  validation  de  moteur  d'avlon  de  combat  clasalque. 


Ces  verifications  peuvent  se  ranger  en  trois  categories  : 

2.1  .  Essais_rel£t jlf£  A  JV  utilisation  courante. 

-  verification  de  l'absence  de  phenomenes  anormaux  tel3  que  decrochages  compreeseur,  instabilites  , 
"blocages’’  de  regime  et  devissages,  ou  determination  dee  zones  d'apparition  de  ces  phenom£nes 

-  contrOle  du  fonc t ionnement  avec  rechauffe 

-  evaluation  de  la  pilotabilite  et  oe  la  rapidite  des  trans i toires ,  notamment  en  patrouille  serree 

-  verification  du  respect  des  limites  de  fonc t ionnement  validees  (vitesses  de  rotation,  temperatures 
de  turbine,  environneraent  thermique  et  vibrations,  etc...) 

-  mesures  de  performances,  notamment  pour  ce  qui  concerne  les  pertes  liees  aux  conditiuns  d'avion- 
nage . 

2.2.  j^annes_e_t  d_is_p£8 de_secou£s_1 

-  etude  des  consequences  des  defail  lances  de  certains  equipements,  notamment  de  calculateur 

-  verification  de  l'efficacite  et  du  fonctionnement  correct  des  dispositifs  de  secours  tels  que 
surpuissance  ou  regulation  de  secours 

-  rallumages  en  vol 

2.3.  £t_i^Hs£t£0£s_p£r£i£u^ie_r£S^ 

-  etude  du  comportement  moteur  aux  hautes  incidences  et  en  vrille,  surtout  lorsque  celui-ci  doit 
imperat ivement  rester  sain  comme  cela  est  le  cas  pour  les  avions  "ecole" 

-  evaluation  de  la  pilotabilite  et  du  compor tement  moteur  lors  de  ravitaillements  en  vol  lorsque 

1 ’ al imentat ion  en  air  risque  d'etre  perturbee  par  la  presence  de  la  perche  et  du  panier  de  ravi- 
taillement  en  amont  de  l'entree  d'air 

-  verification  de  la  compatibilite  avec  les  armements  dont  l’emploi  est  susceptible  de  perturber 
le  fonctionnement  des  moteurs  tels  que  canon,  roquettes  ou  missiles  et  contrGle  de  l'efficacite 
des  dispositifs  de  protection  associes  (decharges,  appauvr isseur  de  tir...) 

-  etude  du  comportement  en  givrage  naturel 

-  essais  en  conditions  climatiques  extremes  (temps  chaud  et  temps  froid) 

-  contrOle  du  fonctionnement  en  environnement  radio-eiectr ique  perturbe,  notamment  pour  ce  qui  con¬ 
cerne  la  partie  electronique  de  la  regulation. 

Cette  enumeration  non  exhaustive  donne  un  apergu  de  la  diversite  et  du  volume  des  essais  a 
prevoir .  Dans  la  realite,  le  CEV  beneficie  au  moment  de  son  intervention  de  l 'experience  du  cons- 
tructeur  et  les  probiemes  de  fonctionnement  qui  peuvent  subsister  A  ce  stade  du  developpement  sont 
parfaitement  connus.  Cela  permet  bien  souvent  de  restreindre  le  champ  des  investigations  et  de  por¬ 
ter  l'accent  sur  les  points  juges  les  plus  critiques. 


IDENTIFICATION  DES  PROBLEMES  POTENTIELS  DE  FONCTIONNEMENT 

Aucune  famille  de  moteurs  n'est  totalement  exempte  de  probiemes  de  fonctionnement,  fussent- 
ils  mineurs. 

Dans  le  cas  le  plus  favorable,  si  la  roise  au  point  a  abouti,  ils  ne  se  manifestent  que  dans 
les  conditions  extremes  d 'utilisation  et  ne  concernent  qu'une  faible  proportion  de  moteurs. 

La  nature  de  ces  probiemes  de  fonctionnement  est  sauf  exception  connue  bien  avant  que  ne  d£- 
butent  les  essais  officiels  de  validation.  Deux  types  de  ph£nomenes  sont  le  plus  souvent  rencontres  : 

3.1.  Le_d£cr££hag£  comp£e£seu£  : 

Ce  phenomene  s 'observe  lorsque  la  marge  de  d£crochage  devient  trop  faible. 

Pour  un  turboreacteur  simple  corps  simple  flux,  cette  marge  peut  s 'exprimer  dans  le  champ 
("I  »  N/  /T  par  l'ecart  A  H  entre  point  de  fonctionnement  et  ligne  de  decrochage.  On  distingue  deux 
cas  repr£sentes  sur  la  figure  n°  1 

-  le  fonctionnement  stabilise  pour  lequel  la  marge  est  la  disLance  entre  1 ignes  d'adaptation  et  de 
decrochage 

-  les  transitoires  d' acceleration  pour  lesquels  la  marge  est  la  distance  entre  butee  d ' acce lerat ion 
et  ligne  de  decrochage. 
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figure  n°  1  -  Marges  de  decrochage 


3.2,  Le_"J?loc£ge"_oij  .le__deyi_S8a£e  : 

Ces  ph^nom^nes  correspondent  A  une  annulation  de  la  marge  d ' acceleration  qui  peut  se  repre- 
senter  dans  le  champ  |~I>  N/  /T  par  la  distance  entre  ligne  d 'adaptation  et  butee  d 1  acceleration 
(figure  n“  2),  II  y  a  blocage  ou  devissage  lorsque  ces  deux  ligties  se  croisent. 


Dans  un  souci  de  simplification,  nous  nous  limiterons  dans  la  suite  de  1' expose  aux  seuls 
phe nominee  de  decrochage  et  de  blocage. 

Par  suite  des  dispersions  de  fabrication,  lec  limites  d 'apparition  de  ces  phenomenes  varient 
d'un  moteur  &  1 'autre.  De  plus,  pour  un  m$me  moteur,  elles  dependent  d'un  certain  nombre  de  param&tres. 

11  convient  done  de  connaltre  tous  les  parametres  susceptibles  de  faire  varier  ces  limites. 


4.  PARAMETRES  INFLUENTS 

Les  paramdtres  qui  favorisent  le  decrochage  ou  le  blocage  peuvent  se  classer  en  plusieurs 
categories  : 

4.1,  ^Pa£am6^r£s_ext£r  ieur£. 

Certains  param&tres  de  vol  ont  une  influence  plus  ou  moins  marquee  sur  les  marges  de  decro- 
chage  ou  d ' acceleration .  Parmi  ceux-ci  il  convient  de  citer  1 'altitude,  le  nombre  de  Mach,  la  tem¬ 
perature  exterieure,  L' incidence  ou  le  derapage  dont  dependent  les  caracteristiques  d 'entree  d'air, 
notamment  1* he «genei te .  Certains  d'entre  eux  peuvent  avoir  une  influence  sur  la  position  de  la 
butee  dans  le  champ  compresseur.  Par  ailleurs,  les  variations  rapides  de  temperature  d' impact  peu¬ 
vent  changer  l'etat  thermique  du  moteur  et  done  son  adaptation  (deformations  de  la  veine  suscepti¬ 
bles  de  modifier  les  caracteristiques  de  turbine  ou  de  compresseur). 
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L'affichage  de  cos  paramttres  n'est  pas  toujours  maftr isable ,  d'ou  la  necessite  de  transcrip¬ 
tions  lorsquo  les  essais  ne  sont  pas  realises  danB  les  conditions  pr^vues.  Cela  est  par ticu 1 idrement 
vrai  pour  la  tempera ture  do  1 'atmosphere  qui  peut  £tre  tr£s  dlfferente  de  celle  d£sir£e  si  les  essais 
n'ont  pas  lieu  pendant  la  saison  favorable. 

4.2.  Iie^lages  dtJ  mo^eur . 

Les  param£tres  susceptibles  de  faire  varier  les  marges  peuvent  se  classer  en  trois  categories  : 

-  les  r£glages  de  regulation  teis  que  celui  de  la  butde  d ' acc£ lerat ion 

-  La  geometric  de  la  voine  (cal age  des  aubages,  sections  de  d is tr ibuteurs  de  turbine  ou  de  tuyeres, 
jeux. . . ) 

-  des  parambtres  de  "qual  ite"tels  qu*  1  t»i  arac  ter  is  t  iques  des  compresseurs  ou  de  la  turbine  (position 
de  La  ligne  de  decrochage,  pente  des  1*  .es  iso-vitesse,  rendements . . . ) . 


Far  exemple,  sur  un  turbor^ac teur  simple  corps  simple  flux,  le  decrochage  compresseur 
vorise  par  : 

-  le  relevement  du  debit  de  butee  d ' acce lerat ion  au  maximum  de  la  tolerance  (figure  n°  3  ) 

-  le  montage  d'un  distributeur  de  turbine  de  section  minimale 

-  une  ligne  de  decrochage  "basse". 


est 
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Figure  n°  3  -  tolerances  de  la  loi  de  butee  d'acceieration 

On  peut  ainsidefinir  des  configurations  "dScrjcnage"  et  "blocage",  obtenues  par  empilage 
des  tolerances  dans  un  sens  defavorable,  dont  les  marges  respectives  vis  h  vis  de  ces  deux  pheno- 
mdnes  sont  les  plus  faibles. 

A  titre  d'exemple,  le  tableau  ci-dessous  donne  la  definition  de  ces  configurations  pour  un 
turboreac teur  simple  corps  simple  flux. 


Conf iguration 
"decrochage" 

Conf iguration 
"blocage" 

Butee  d'acceieration 

Maximale 

Minlmale 

Distributeur  de  turbine 

Ferme 

Ouver t 

Tuyere 

Fermee 

Fermee 

Ligne  de  decrochage 

Basse 

- 

4.3.  _I.n£redJ.entjj . 


Les  carac ter istiques  du  carburant  et  du  fluide  employe 
grande  influence.  Par  exemple,  si  le  dosage  du  carburant  est 
site  se  traduit  par  un  changement  de  debit  massique.  Or  pour 
tions  de  densite  peuvent  6tre  tr£s  importantes  si  1'on  tient 
de  temperature  comme  le  inontre  la  figure  n°  4. 


pour  la  regulation  peuvent  avoir  une 
volume tr ique ,  tout  changement  de  den¬ 
un  mfime  type  de  carburant,  les  varia- 
compte  des  tolerances  et  des  variations 
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0  50  temperature  de  carburant  °C 

figure  n°  4  -  Plage  de  density  du  mo 


En  ^dmettant  que  le  pouvolr  calorifique  ne  varie  pas  (ce  qui  eat  vrai  en  premiere  approxima¬ 
tion)  et  8'il  n'y  a  pas  de  dispositif  de  compensation  automatique,  l'emploi  de  carburant  dense  ou 
froid  favorlse  le  decrochage  et  l'emploi  de  carburant  l£ger  ou  chaud  le  blocage. 

La  presence  d'un  correcteur  de  density  sur  le  moteur  permet  le  cas  ych£ant  de  simuler  des 
hearts  de  density. 


5.  REPRESENTATIVITE  DES  ESSAIS 


II  ressort  de  ce  qui  pr4c4de  que  pour  valider  1 'adaptation  du  standard  de  sdrie,  11  suffit 
de  contrftler  le  fonctionnement  des  configurations  extremes  dans  1 'ensemble  du  domalne  de  vol  revendiqud, 
En  fait,  l'empilage  syst^matique  de  toutes  les  tolerances  dans  un  sens  ddfavorable  n'est  pas  toujours 
r^aliste  dans  la  mesure  ou  certains  ryglages  ne  sont  pas  rigoureusement  independents  et  risque  d'etre 
inutilement  contraignant . 

II  y  a  lieu  de  tenir  compte  d'une  part  de  la  probability  de  rdalisatlon  de  ces  configurations 
extremes  et  d' autre  part  de  la  gravity  des  risques  encourus.  On  peut  par  exemple  admettre  sur  un  blmoteur 
certains  dyfauts  de  fonctionnement  qui  ne  seraient  pas  acceptables  sur  un  monoM>teur* 

Ces  considyrations  conduisent  parfois  d  choisir  pour  les  essais  des  configurations  iyg£rement 
moins  pynalisantes  que  les  configurations  extremes  et  d 'accepter  un  taux  de  couverture  de  la  syrie 
infyrieur  a  100  70. 


6.  ME TH ODES  EMPLOYEES 


Deux  mythodes  d 'essais  ont  dty  expyr imentyes . 

La  premiere  consiste  £  essayer  des  moteurs  dont  la  quality  des  composants  et  les  ryglages  sont 
rigour eusement  ceux  des  configurations  extremes  retenues.  Cette  methode  est  appliquye  depuis  longtemps  par 
le  CEV.  Elle  a  yty  employee  avec  succfcs  pour  la  validation  des  versions  rycentes  de  la  famllle  ATAR. 

La  deuxlfeme  consiste  &  utiliser  un  moteur  dont  les  ryglages  sont  quelconques  mais  prealablement 
identifies  et  h  simuler  le  compor tement  des  configurations  extremes  p*-  un  derdglage  approprie  de  la  butee <ftc- 
ceieration.  Cette  rndthode  de  simulation  trouve  sa  justification  dans  i 'equivalence  vis  &  vis  des  phenomfenes 
de  blocage  et  de  decrochage  entre  changement  d'adaptation  ou  de  ligne  de  decrochage  et  dyplacement  de  mfc- 
me  amplitude  de  la  butee  d 'acceleration  dans  le  champ  compresseur.  Telle  est  la  methode  qui  a  yty  adop¬ 
tee  pour  le  contrOle  de  1* adaptation  du  turbor4acteur  IARZAC  &  1 'ALPHA-JET. 


7.  DISCUSSION  :  AVANIAGES  ET  INCONVENIENTS  DE  CHAQUE  METHODE 
ifere  methode  : 


Tout  I'interftt  de  cette  methode  reside  dans  le  fait  qu'elle  rend  possible  le  contrOle  du  com¬ 
por  tement  reel  des  moteurs  extremes  dans  tous  sea  aspects  sans  risque  d'erreur  d ' interpretation. 

En  fait,  1 ' impossibility  de  maftriser  certains  paramfctres  exterleurs  tele  que  la  temperature 
de  1 'atmosphere  et  la  density  du  carburant  rend  parfois  nycessaire  le  recours  &  certaines  simulations. 
Celles-ci  sont  realisyes  le  plus  souvent  par  1  * intermydiaire  du  correcteur  de  density  en  affichant  une 
valeur  diffyrente  de  celle  pryconisee. 

Par  ailleurs,  la  ryalisation  des  configurations  extremes  suppose  une  syiection  prealable  des 
diffyrents  composants.  Or,  d  ce  stade  du  dyveloppement,  le  matyriel  dyj£  construit  n'existe  qu'en  nombre 
limity,  d'ou  un  risque  de  ne  pas  disposer  h  coup  sOr  de  tous  les  yquipements  lea  plus  "critiques". 
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Enfin,  la  m^thode  n'est  facilement  applicable  qu'aux  moteurs  de  conception  simple  pour  les- 
quels  le  nombre  de  configurations  est  peu  6 lev£.  Pour  un  turbor^ac teur  double  corps  double  flux  par  exem- 
ple,  la  prise  en  compte  des  risques  de  d£crochage  de  chaque  compresseur  peut  conduire  k  un  accroissement 
prohibitif  du  nombre  de  configurations  k  r4aliser. 

2£me  m^thode  : 


La  m£thode  de  simulation  est  par f aitement  adapt£e  aux  moteurs  complexes  pour  lesquels  le  nom¬ 
bre  de  parametres  influents  et  de  configurations  h  essayer  est  £lev£.Son  principal  int£r6t  est  qu'il  suf- 
fit  en  principe  d'un  seul  moteur  pour  r£aliser  1' ensemble  des  essais.  N'importe  quel  moteur  pr£lev£  a 
la  sortie  de  la  chatne  de  production  peut  convenir  pourvu  qu'il  soit  parfaitement  identify.  Chaque  con¬ 
figuration  s'  obtient  en  rempla<;ant  le  r£gulateur  d'origine  par  un  r^gulateur  dont  les  r^glages  ont 
sp£cialement  modifies. 

11  faut  signaler  en  contrepartie  un  certain  nombre  d ' inconv6nients  qui  rendent  ndcessaires 
quelques  am£nagements  : 

-  il  ne  peut  pas  fctre  rendu  compte  simultan£ment  de  tous  les  aspects  du  fonc tionnement  d'une  configura¬ 
tion.  Far  exetnple  les  temps  de  reprise  qui  pourraient  fitre  mesur^s  lors  de  la  simulation  de  la  confi¬ 
guration  "decrochage"  n'ont  a  priori  aucune  signification. 

-  il  n'est  pas  possible  de  simuler  une  configuration  donn^e  par  un  r£glage  unique  valable  pour  toutes  les 
conditions  de  vol.  Cela  tient  au  fait  que  les  lois  de  but€e  d 1  acceleration  sont  en  general  des  lois  sim- 
plifi£es  qui  ne  tiennent  pas  forc4ment  compte  de  tous  les  parametres.  Par  exemple  une  loi  de  la  forme 

C  *  P  x  f  (N) 

qui  ne  tient  pas  compte  de  la  temperature  T  ne  se  transcrit  pas  de  fa^on  unique  dans  le  champ  (  11, N/  /t). 

Il  apparait  done  necessaire,  soit  de  prendre  des  marges  suppiementaires ,  soit  de  disposer  d'un 
dispositif  correcteur, 

Le  correcteur  eiectronique  de  but£e  du  LARZAC  a  rendu  possible  pour  ce  moteur  la  deuxi£me 

solution. 

‘  -  Pour  ce  qui  concerne  la  determination  des  limites  de  decrochage,  la  simulation  par  1 ' intermedia  ire  de  la 

|  loi  de  butee  n'est  valable  qu'en  transitoire  d ‘ acce leration .  Un  autre  rnoyen  doit  fitre  employe  pour  rendre 

compte  du  fonc tionnement  en  regime  stabilise.  Ainsi,  l'etude  du  comportement  du  LARZAC  avec  hautes  inci¬ 
dences  et  en  vrille  a  4te  effectue  avec  un  moteur  dont  les  marges  de  decrochage  avaient  ete  reduites  par 
diminution  des  sections  des  distributeur9  de  turbine. 


8.  CONCLUSIONS 


Pour  garantir  le  fonc tionnement  de  l 'ensemble  des  moteurs  de  serie  sur  avion,  les  essais  en 
vol  doivent  rendre  compte  du  comportement  des  moteurs  extremes  r£alisables  compte  tenu  des  tolerances  de 
r£glage  et  de  fabrication. 

Deux  m£thodes  sont  employees  par  le  CEV  pour  y  parvenir.  L'une  consiste  k  realiser  ces  moteurs 
extremes  et  A  les  essayer  ef fectivement ,  1 'autre  A  en  simuler  le  comportement  par  des  reglages  appropries 
de  la  regulation  ou  d'autres  equlpements. 

Chacune  d'entre  el  les  a  ses  avantages  et  ses  inconvenienta .  La  premiere  est  bien  adaptee  aux 
moteurs  de  conception  simple  mais  s'accorde  mal  k  la  complexite  des  moteurs  modernes.  Pour  ces  derniers, 
il  vaut  mieux  avoir  recours  k  la  simulation  malgre  ses  imperfections. 
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RESU>E 


L'expos6  comprendra  une  description  du  banc  d'essai  C3  du  CEPr.  Cette  installation  permet 
d'essayer  de  grands  compresseurs  double  flux,  dont  la  puissance  peut  atteindre  40  000  kW.  La  presentation 
portera  sur  les  m4thodes  de  mesure  (peignages  par  sondes  mobiles,  mesures  de  debit,  mesures  sur  les  parties 
tournantes),  et  sur  les  methodes  d'essais  et  1 1 uti lisa tion  de  l'ordinateur  pour  obtenir  les  champs 
compresseur  des  deux  flux,  en  particulier  k  proximite  de  la  ligne  de  pompage. 


1  -  INTRODUCTION. 


L'examen  des  differents  programnes  de  ddve loppement  et  de  recherche  en  cours  ou  prevus, 
et  en  particulier  le  programme  CFM  56,  on  conduit  en  1973  k  la  decision  de  realiser  un  banc  compresseur 
de  grande  puissance.  Corapte  tenu  de  l'existence  au  C.E.Pr  d'un  ensemble  de  turbines  de  forte  puissance, 
le  banc  C3  a  ete  implante  au  bout  de  la  ligne  d'arbres  correspondante ,  h  partir  de  Mai  1975.  La 
premiere  rotation  avec  un  compresseur  Basse  Pression  de  CFM  56  a  eu  lieu  le  29  octobre  1979.  Le  banc 
C3  permet  1 '£tablissement  des  champs  de  carac t6r is tiques  complets  du  compresseur  en  essai,  avec 
exploration  des  zones  de  flottement  et  determination  des  lignes  de  pompage. 

2  -  DESCRIPTION  DU  BANC  D'ESSAI  C3  DU  C.E.Pr. 

Les  principales  caracteris tiques  du  banc  C3  sont  pr6sent£es  dans  la  figure  1.  Le  banc  C3 
permet  d’essayer  des  compresseurs  monocorps  k  double  flux  jusqu'^  une  puissance  de  40  000  kW  et  une 
Vitesse  de  rotation  de  12  500  tr/mn. 

Le  circuit  d’air  k  l'adraission  est  dimensionn£  pour  un  d£bit  de  500  kg/s,  une  pression 
comprise  entre  0,1  et  2  bars  et  une  temperature  comprise  entre  -  35  et  +  100°C. 

La  volute  Basse  Pression  qui  recueille  le  flux  secondaire  sortant  du  compresseur  est 
dimensionn£e  pour  un  debit  de  500  kg/s,  une  pression  comprise  entre  0,1  et  4  bars  et  une  temperature 
comprise  entre  -  30  et  +  300°C. 

La  volute  Haute  Pression  qui  recueille  le  flux  primaire  sortant  du  compresseur  est 
dimensionnee  pour  un  debit  de  200  kg/s,  une  pression  comprise  entre  0,1  et  12  bars  et  une  temperature 
comprise  entre  -  30  et  +  500°C. 

La  figure  2  montre  une  vue  en  elevation  du  coeur  de  banc  qui  est  «icr£  sur  une  table  en 
beton  reposant  sur  des  supports  eiastiques. 

2.1. -  Entrainement  roecanlque. 

La  puissance  necessaire  k  1 ' entrainement  du  compresseur  en  essai  est  fournie  par  une 
turbine  k  vapeur  accoupiee  k  une  turbine  k  air.  La  turbine  k  vapeur  peut  fournir  une  puissance 
de  25  000  kW  et  la  turbine  A  air  peut  fournir  une  puissance  de  18  000  kW.  Un  accouplement 
d£brayable  permet  de  faire  fonctionner  les  turbines  sans  entrainer  le  compresseur. 

Un  inverseur  rend  les  deux  sens  de  rotation  possibles.  Un  multiplies teur  permet  de  choisir 
la  gamme  de  vitesse  adapt£e  au  compresseur  en  essai  en  changeant  le  rapport  de  multiplication. 

Le  compresseur  est  entrain^  par  l'arri£re  par  une  ligne  d'arbres  qui  traverse  les  volutes. 
La  ligne  d'arbres  est  compos€e  de  trois  arbres  reposant  chacun  sur  deux  paliers  et  accoupl£a 
deux  k  deux  par  des  accouplements  flexibles. 

2.2. -  Circuits  d'air. 


La  figure  3  pr£sente  le  schema  des  circuits  d'air.  L'admission  et  1 ' 6chappement  du  banc  se 
font  actuellement  k  1 'atmosphere .  Dans  un  stade  ultSrieur,  1 1  ins ta 1 lation  qui  est  dimensionnee  pour 
permettre  de  simuler  les  conditions  reel  les  de  vol  pourra  8tre  raccordee  aux  circuits  de  condition- 
nement  d'air  du  Centre. 

Le  circuit  d' admission  comprend  de  l'amont  vers  l'aval  : 

-  un  silencieux  d’admission  avec  trois  vannes  permettant  le  reglage  de  la  pression  d'admission, 

-  une  tuyauterie  droite  de  3,20  m  de  diamfctre  et  17  ra  de  longueur, 

-  un  divergent  avec  k  la  sortie  un  regulateur  en  nid  d'abeille  et  un  filtre, 

-  un  caisson  de  tranquillisation  de  6  m  de  diamfetre  et  7 , 5  m  de  longueur, 

-  un  pavilion  et  un  conduit  d ' a  1 imen ta tion  devant  le  compresseur  en  essai. 

Derrifere  le  compresseur,  deux  volutes  recue il lent  indgpendanment  l'air  de  chacun  des  deux 

flux. 

Le  syst^roe  de  vannage  Basse  Pression  (figure  4)  comprend  douze  soupapes  conmand£es  par  des 
v£rins  hydrauliques .  Deux  soupapes  sont  sp^cialisles  dans  la  fonction  "anti pompage",  huit  dans  la 
fonction  reglage  "gros  d6bit",  une  dans  la  fonction  "petit  d£bit"  et  une  dans  la  fonction  "tr£s 
petit  d£bit". 


Le  syst£me  de  vannage  Haute  Pression  (figure  5)  comprend  douze  vannes  disposdes  en 
couronne  dans  la  volute  HP.  Chaque  vanne  comprend  un  volet  entraind  en  rotation  par  un  vdrin. 


Les  circuits  d * dchappement  HP  et  BP  coraprennent  chacun  une  conduite  droite  qui  se  sdpare 
en  deux  canalisations  dquipdes  de  : 

-  un  ensemble  rdgulateur  compost  d'un  filtre  amont,  d'un  rdgulateur  en  nid  d'abeille  et  d'un 
filtre  aval, 

-  un  venturi  de  mesure  de  ddbit, 

-  une  vanne  de  sec tionnement . 

Les  quatre  tuyauteries  aboutissent  dans  un  collecteur  et  la  mise  h  L'air  libre  se  fait 
par  un  silencieux  d 1 dchappement  situd  h  54 , 5  m  de  l'axe  du  banc. 

2.3.-  Servitudes. 


2.3. 1. -  Graissage  du  compresseur. 

La  centra le  de  graissage  du  compresseur  comprend  : 

-  un  circuit  de  lubrif ica tion  des  paliers,  des  joints  carbone  et  de  la  butde  du 
compresseur, 

-  un  circuit  d'dpuisement  des  carters  et  des  paliers, 

-  un  circuit  de  ddgazage, 

-  un  circuit  d'alimentation  du  vdrin  hydraulique  qui  exerce  une  contre  poussde  asservie 
3  la  raesure  de  la  charge  axiale  sur  le  roulement  de  butde  du  compresseur, 

-  un  circuit  de  remplissage  du  reservoir  par  un  reservoir  auxiliaire. 

2.3.2. -  Graissage  de  I'inverseur,  du  multiplica teur  et  de  la  ligne  d'arbres. 

La  centra le  de  graissage  correspondante  assure  : 

-  la  lubrif ication  des  paliers  et  dentures  avec  un  ddbit  compris  entre  5050  et  6550  1/ran, 

-  le  rdchautfage,  la  filtration  et  la  vidange  de  1'huile, 

-  la  purification  par  centrifugation. 

La  centra  le  est  munie  d'un  dchangeur  huile  /  eau. 

Les  pompes  sont  doubles  pour  des  raisons  de  sdcuritd  et  en  cas  de  panne 
dlectrique  le  graissage  est  assurd  par  la  turbopompe  qui  reste  aliroentde  en  vapeur. 

2.3.3. -  Centrale  de  refroidisseroent . 

Cette  centrale  assure  le  refoidissement  des  dldments  mdcaniques  en  contact  avec 
les  volutes  : 

-  le  systdme  de  barres  et  rotules  qui  relient  et  soutiennent  les  volutes, 

-  la  motorisation  des  vannes  HP, 

-  le  carter  de  la  ligne  d'arbres  qui  est  protdgd  par  un  dcran  thennique. 

Ces  d laments  sont  refroidis  par  circulation  d'eau  ddmindra lisde  en  circuit  fermd 


teSURES  AU  BANC  C3, 

3.1. -  Mesures  de  surveillance  du  banc. 

Tous  les  dldments  du  banc  C3  sont  dquipds  d'une  instrumentation  de  surveillance  importante 
La  surveillance  porte  essentie 1 lement  sur  l'entrainement  mdcanique  du  compresseur  d'une  part,  et 
sur  les  circuits  de  servitude  d'autre  part.  Les  valeurs  de**  diffdrents  paramdtres  me  surds 
(pressions,  temperatures,  vibrations)  sont  indiqudes  par  des  appareils  de  mesure  analogiques  dans 
la  salle  de  contr&le. 

Des  seuils  d'alarme  sont  ddfinis  pour  tout  les  param&tres  importants,  suivant  la 
hidrarchie  suivante  : 

alarme  blanche  ddfaut  mineur,  dvolution  &  surveiller 

alarrae  jaune  — »  ddfaut  ndcessitant  une  ddcdldration  rapide  par  action  manuelle  du  pilote 
alarme  rouge  — *  ddclanchement  automatique  -  la  turbine  d  vapeur  n'est  plus  alimentde  et  le 
banc  s'arrdte. 

3.2. -  Mesures  sur  le  compresseur. 

Les  mesures  effectudes  sur  le  compresseur  sont  acquises  par  un  ordinateur  MITRA  15  propre 
au  banc.  La  capacltd  de  mesure  du  banc  est  de  2  000  mesures. 

L'acquisition  des  mesures  de  pression  est  rdalisde  soit  par  des  scanivalves,  soit  par 
des  capteurs  individuels  pour  les  mesures  acquises  lore  du  pompage. 

Les  mesures  de  tempdrature  se  font  par  des  thermocouples  Chromel  -  Alumel. 

Des  mesures  de  vibrations  sont  effectudes  sur  les  diffdrents  paliers  du  compresseur. 

Lore  des  essais  du  compresseur  BP  CFM  56  une  tdldmesure  est  montde  dans  le  nez  du 
compresseur.  Cette  tdldmesure  transmet  d  une  antenne  fixe  placde  &  l'extdrieur  du  compresseur 
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les  mesures  effectu^es  sur  les  parties  tournantes,  essent ie l lement  dee  contraintes  sur  les 
aubages . 

Dee  sondes  mobiles  de  pression  ou  de  temperature  teiecoraraandees  k  distance  peuvent  Ctre 
utilis^es  pour  explorer  certains  plans  de  mesure  du  corapresseur.  Ces  sondes  peuvent  £tre  deplac^es 
k  la  fois  en  profondeur  et  en  orientation  angulaire. 

Des  roesures  par  fil  chaud  sont  effectu4es  derrifcre  la  roue  fan  du  compresseur  et  servent 
comae  rooyen  de  detection  du  pompage. 

Des  mesures  de  pression  insta tionna ire  avec  des  capteurs  de  type  kulite  peuvent  egalement 
$tre  faites. 

Des  moyens  plus  complexes  de  mesure  tels  que  l 1 uti lisa tion  du  laser  pourront  eventuel- 
lement  fitre  implantes  dans  le  banc  dans  un  stade  ulterieur. 

3.3.-  Mesures  de  debit. 


La  mesure  du  debit  d'air  entrant  dans  le  compresseur  est  effectude  en  utilisant  les 
rdsultats  d'un  dtalonnage  prdalable  de  la  manche  d 'entree  du  corapresseur. 

La  mesure  du  debit  est  egalement  faite  au  niveau  des  quatre  venturis  k  I'echappement 

du  banc . 


La  figure  6  montre  l'equipement  de  mesure  d'un  venturi. 

Un  peigne  de  11  prises  de  pression  totale  perraet  de  determiner  le  profil  de  la  couche 
limite  et  de  calculer  un  coefficient  de  debit. 

Pour  mesurer  la  pression  differentielle  au  col  du  venturi  on  utilise  deux  capteurs 
dif fdrentie Is  de  garane  diffdrente  (7  kPa  et  17,5  kPa ) .  Jusqu'd  6  kPa  on  utilise  le  capteur  de 
ganme  7  kPa  et  au  dessus  de  6  kPa  on  utilise  le  capteur  de  gamme  17,5  kPa.  Ceci  perraet 
d'amdliorer  la  precision  de  la  mesure.  Des  pressostats  perraettent  une  fermeture  automatique  des 
circuits  par  des  e lectro-robine ts  en  cas  de  surpression. 

La  pression  totale  et  la  temperature  totale  6ont  mesurees  en  amont  du  col  du  venturi.  La 
temperature  de  paroi  est  egalement  mesuree  au  col  pour  tenir  compte  des ' variations  de  section  dues 
k  la  dilatation. 

Les  sections  des  quatre  venturis  sont  echelonnees  du  gros  venturi  du  flux  secondaire  au 
petit  venturi  du  flux  primaire.  Selon  le  debit  d'air  correspondant  il  est  possible  de  seiectionner 
pour  chacun  des  flux  soit  le  petit  venturi,  soit  le  gros  venturi,  soit  1* ensemble  des  deux 
venturis.  Le  norabre  de  Mach  au  col  des  venturis  ne  doit  pas  £tre  trop  faible  car  la  mesure  du 
debit  devient  alors  trop  imprecise;  pour  limiter  les  pertes  de  charge  on  ne  depasse  pas  un 
nombre  de  Mach  au  col  de  l'ordre  de  0,5. 

La  coraparaison  entre  le  debit  mesure  k  1' entree  du  compresseur  et  la  somme  des  debits 
mesures  par  les  venturis  est  saf isfaisante . 

4  -  hCTHODES  D'ESSAI. 


Tous  les  ca  leu  Is  sont  effectues  en  temps  reel  par  l'ordinateur  MITRA  15  du  banc. 

Trois  modes  de  traitement  differents  sont  utilises  lors  d'un  essai  :  le  mode  pilotage 
pendant  les  phases  d'accdieration  ou  de  deceleration,  le  mode  champ  pour  la  determination  des  isovites- 
ses  et  le  mode  pompage  k  proximite  du  pompage.  Le  choix  de  ces  differents  modes  ainsi  que  les  differen- 
tes  options  d 'edition  ou  de  trace  se  fait  par  1 ' intermedia  ire  de  roues  codeuses  k  proximite  du  bouton 
d’appel  du  point  de  mesure. 

4.1. -  Mode  pilotage. 

Ce  mode  a  pour  but  d'indiquer  rapideraent  au  pilote  les  differents  param&tres  dont  il  a 
besoin  pour  ouivre  1 'essai, 

L'acquisition  ne  porte  que  sur  un  norabre  reduit  de  param£tres  (en  particulier  seules  les 
pressions  sur  capteurs  individuels  sont  acquises). 

Les  paiam&tres  reduits  du  compresseur  (debits  reduits,  rapports  de  pression,  vitesse  de 
rotation  reduite,  rendements)  sont  calcuies  et  affiches  sur  des  ecrans  de  television  avec 
quelques  parara£tres  de  surveillance  propres  au  compresseur  (pressions  d' enceinte,  temperatures 
de  pa liers ,  etc . . . ) . 

4.2. -  Mode  champ. 

Ce  mode  a  pour  but  de  caracteriser  les  performances  aerodynamiques  du  compresseur  et 
permet  en  particulier  la  determination  des  isovitesses  dans  les  champs  compresseur  du  flux 
primaire  et  du  flux  secondaire. 

L'acquisition  porte  sur  la  totalite  des  mesures.  Les  moyennes  sont  calculdes  par  peigne 
et  par  anneau  dans  les  differents  plans  de  mesure. 
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Le  calcul  des  diff^rents  param^tres  r^duits  est  effectu£  en  temps  r6e  l  et  les  r^sultats 
sont  affichgs  sur  les  6crans  de  t£l£vision  et  imprimis  sur  une  imprimante  rapide. 

L'ensembie  des  acquis Itions ,  des  moyennes  et  des  r£sultats  de  calcul  est  enregistr£  sur 
un  disque  raagn^tique. 

Un  points  sur  table  tra^ante  de  la  position  du  point  d’essai  dans  le  champ  compresseur 
du  flux  primaire  ou  du  flux  secondaire  peut  6tre  effectu£. 

4.3. -  Mode  pompage . 

Ce  mode  a  pour  but  la  determination  precise  des  lignes  de  pompage  dans  les  champs  compres¬ 
seur  des  deux  flux.  Les  ph£nom£nes  etant  ins ta tionnaires  A  proximity  du  pompage  il  est  n£cessaire 
d'effectuer  une  acquisition  rapide  h  10  Hz  d'un  nombre  r£duit  de  param&tres  (environ  50).  Cette 
acquisition  est  stock^e  dans  une  m^raoire  tournante  qui  ne  conserve  que  les  60  demi&res  secondes. 

A  partir  du  dernier  point  champ  effectu£,  ou  se  dgplace  sur  une  isovitesse  en  ferraant 
16g£rement  les  vannes  k  1 '6chapperoent  du  flux  concern^,  jusqu'&  l’apparition  du  pompage  d£tectd 
entre  autre  par  le  signal  du  fil  chaud  (figure  7).  On  ouvre  alors  les  vannes  d 'anti pompage  et  on 
arr£te  la  scrutation  du  mode  pompage. 

On  effectue  ensuite  le  trac£  sur  table  tra^ante  de  l'un  des  param&tres  acquis  au  pompage 
(en  g6n6ral  le  fil  chaud). 

La  courbe  obtenue  (figure  8)  permet  de  determiner  de  fa^on  precise  1' instant  ou  le 
pompage  est  apparu.  Cet  instant  est  ensuite  introduit  dans  l’ordinateur  par  1 ' intermedia ire  d’un 
c  lavier . 

Les  moyennes  qui  sont  utilises  dans  les  calculs  sont  alors  recalculdes  A  partir  des 
moyennes  correspondantes  du  dernier  point  champ  dans  le  rapport  des  param&tres  acquis  au  pompage 
rapport6s  aux  valeurs  correspondantes  du  dernier  point  champ. 

Le  m^rae  programne  de  calcul  que  pour  le  mode  champ  est  ensuite  utilise  pour  calculer  les 
diff£rents  param^tres  r£duits. 

4.4. -  Mode  repartition. 

Ce  mode  consiste  h  explorer  un  rayon  du  compresseur  et  h  determiner  en  diffdrents  points 
de  ce  rayon  l'angle  de  1  * 6coulement ,  la  pression  totale,  la  pression  statique  et  la  temperature 
tota le . 


L'op^ration  se  fait  en  deux  temps  : 

-  a  l'aide  d'une  sonde  A  trois  bees  on  repfere  l'angle  de  I'dcoulement  et  on  mesure  la  pression 
totale  pour  diff£rentes  valeurs  du  rayon; 

-  apr&s  changement  de  sonde,  on  mesure  la  pression  statique  ou  la  temperature  totale  en  orientant 
la  sonde  face  h  l'6coulement  conf  ornament  aux  relev6s  precedents. 

Il  est  prevu  que  le  deplacement  des  sondes  en  profondeur  et  en  angle  soit  effectue  de 
fa$on  automatique. 

5  -  CONCLUSION. 

Grflce  h  sa  puissance  qui  peut  atteindre  40  000  kW,  le  banc  d'essai  C3  permet  d'effectuer 
les  essais  des  grands  compresseurs  des  moteurs  civils  actuels  tels  que  le  CFM  56  ou  le  CF6-32.  Les 
essais  de  tels  compresseurs  offrent  la  possibilite  d 'explorer  des  zones  de  fonctionnement  dangereuses 
pour  le  moteur  comp let  (pompage,  flottement)  et  permettent  une  ind£pendance  du  d£ve loppement  du  compres¬ 
seur  par  rapport  aux  autres  parties  du  moteur. 


PUISSANCE 


40  000  kW 


VITESSE  DE  ROTATION 


12  500  tr/mn 


ADMISSION 

debit 

500  kg/s 

pres 6  ion 

0,1  4  2  bars 

temperature 

-  35  4  +  100°C 

ECHAPPEM2NT  BP 

debit 

500  kg/s 

pres s ion 

0,1  4  4  bars 

temperature 

-  30  4  +  300°C 

ECHAPPEMENT  HP 

debit 

200  kg/s 

pression 

0,1  4  12  bars 

temperature 

-  30  4  +  500°C 

FIGURE  1  PRINCIPALS  CARACTERISTIQUES  DU  BANC  C3 
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FIGURE  8  COURBE  DE  REPONSE  DU  FIL  CHAUD  AU  POMPAd 
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1 .  SUMMARY 

A  special  combustor  test  facility  has  been  built  at  DFVLR  Research  and  Test 
Centre  PORZ  WAHN  which  is  described  in  detail.  On  this  facility,  research  on  annular 
combustors  has  been  carried  out  up  to  16  bar  and  820  K  combustor  inlet  conditions. 
First  of  all  the  requirements  for  typical  test  procedures  for  high  pressure/high 
temperature  combustor  testing  have  been  established.  After  definition  of  these 
requirements  the  layouts  for  the  test  i ns ta 1  la t ions  and  the  test  bed  were  specified. 
As  well  as  the  design  of  special  test  equipment  it  was  necessary  to  develop  the 
testing  and  measuring  techniques.  Every  effort  has  been  made  to  achieve  the  most 
accurate  high  temperature  measurement  and  gas  analysis  at  the  exit  of  the  annular 
combustor.  Results  achieved  by  rig  testing  showed  close  similarity  to  those  produced 
by  engine  testing. 


2.  INTRODUCTION 

Compressor  pressure  ratios  and  turbine  inlet  temperatures  of  aircraft  gasturbine 
engines  have  been  increasing  steadily.  In  both  civil  and  military  applications 
the  trend  is  towards  turbofan  engines  having  compact  high  pressure,  high  temperature 
gas  generators.  Fuel  efficient  civil  engines  now  in  the  development  stage  have 
overall  compression  ratios  of  up  to  40.  The  latest  military  engines  have  turbine 
inlet  mean  temperatures  exceeding  1700  K.  In  cycle  and  mission  analysis  of  these 
modern  compact  engines  it  was  assumed  that  materials,  combustors  and  turbine  cooling 
systems  can  be  designed  and  developed  to  work  satisfactorily.  High  overall  compres¬ 
sion  ratios  are  followed  consequently  by  high  compressor  discharge  air  temperature. 

As  this  air  is  the  coolant  for  the  flame  tube  and  the  HP-turbine,  it  offers  only 
a  low  heat  sink  capacity.  At  the  same  time  the  cooling  requirement  will  increase 
because  of  high  gas  temperature  in  the  flame  tube  and  high  heat  fluxes  to  the  engine 
parts  exposed  to  the  gas.  Thus,  with  increasing  pressure  the  proportion  of  cooling 
air  increases,  i.e.  for  flame  tube  cooling  it  reaches  more  than  40  %  of  the  combus¬ 
tion  air.  Therefore,  as  the  amount  of  combustion  air  which  is  needed  for  a  stoichio¬ 
metric  mixture  in  the  primary  zone  takes  nearly  30  %,  the  remainder  for  the  dilution 
zone  is  very  small.  Intensive  combustor  development  is  therefore  necessary  in  order 
to  arrive  at  the  temperature  pattern  factors  required  to  guarantee  adequate  turbine 
life. 


Progress  has  been  made  in  designing  combustors  and  calculating  the  aerodynamic/ 
chemical  processes  in  a  combustor  ( 1 )  1 .  These  calculations  relate  the  chemical 
reactions  according  to  the  local  conditions  and  mixture  ratios  to  the  aerodynamic 
flow  field  in  the  combustor.  Fuel  vaporization  calculation  and  better  understanding 
of  the  recirculation  model  of  the  primary  zone  permit  determination  of  flame  stabil¬ 
ity  limits,  combustion  process  and  gas  emission  specimen. 

In  addition  to  the  theoretical  work  a  great  amount  of  detailed  model  rig  testing 
has  been  performed  to  generate  well  established  data  of  the  aerodynamic  and  thermo¬ 
dynamic  behaviour  of  combustor  components,  such  as  diffusor  and  flame  tube  cooling 
devices.  All  these  data  are  very  useful  for  the  proper  layout  of  a  combustor,  how¬ 
ever  the  complex  effect  of  aerodynamic  and  thermal  load  on  the  combustor  can  only 
be  shown  in  tests  under  actual  engine  conditions. 

The  simulation  of  these  engine  conditions  requires  a  specially  designed  test 
site  and  rig.  The  planning  objective  for  the  combustor  test  site  and  combustor 
rig  has  to  follow  the  development  requirements  in  the  engine  programme.  At  first, 
a  research  combustor  rig  and  subsequently  an  engine  parts  rig  (using  engine  parts) 
was  designed  for  high  pressure  and  high  temperature  operation. 

Exact  simulation  of  all  actual  engine  operating  conditions  was  the  ultimate 
goal.  However,  technical  and  economical  considerations  led  to  some  compromises. 

As  durability  problems  of  high  temperature  loaded  components  dictate  TBO  and  life 
time  of  an  engine  it  was  the  main  goal  to  simulate  the  influence  of  gas  temperature 
on  combustion  process,  pattern  factors  and  flame  tube  wall  temperatures. 


1) 


Numbers  in  parentheses  designate 


References  at  end  of  paper. 


3. 


MATCHING  COMBUSTOR  TEST  SITE  CAPABILITIES  TO  COMBUSTOR  REQUIREMENTS 


At  DFVLR  Research  and  Test  Centre  PORZ  WAHN,  the  existing  compressor  capacity 
for  the  required  air  massflow  is  20  bar.  By  installing  a  new  air  heater  the  combustor 
rig  inlet  temperature  could  be  increased  to  850  K.  The  measuring  equipment,  i.e. 
temperature/gas  sampling  probes,  had  to  be  designed  to  withstand  peak  temperatures 
up  to  2000  K.  A  special  traverse  gear  for  probe  rotation  at  the  combustor  exit 
and  the  exhaust  ducting  including  the  throttle  valve  had  to  be  designed  to  stand 
mean  gas  temperatures  up  to  1750  K. 

3.1  Air  suppl ies 

The  existing  test  facilities  are  supplied  by  a  common  compressor  station  con¬ 
sisting  of  low  pressure  (  -  =5)  and  medium  pressure  (  »  =4)  compressors.  They 

can  be  coupled  in  parallel  or  in  series.  Optionally,  five  HP-vessels  of  1000 
total  volume  can  be  filled  at  night  by  a  separate  HP-compressor  (60  bar)  to  give 
some  70  000  kg  HP-air  in  addition  to  the  compressor  air  for  testing  purposes.  The 
combustor  test  procedures  have  been  chosen  in  such  a  way  that  for  maximum  air  demand 
by  use  of  vessel  air  the  electrical  power  for  the  compressors  is  limited  to  approx. 

11  Megawatt  for  economical  reasons. 

A  simplified  scheme  of  the  combustion  test  site  is  shown  in  fig.  1.  The  air 
from  the  central  compressor  station  is  fed  to  the  combustor  test  site  by  a  piping 
system  which  contains  two  metering  orifices  (0,2  -  5/1,5  -  30  kg/s)  for  accurate 
measurement  of  the  combustion  air  flow  rate.  The  metered  airstream  is  fed  to  the 
air  heater  and  then  passes  through  a  30  m  long,  well  insulated  piping  system  to 
the  test  site.  This  arrangement  had  to  be  chosen  because  of  local  restrictions 
in  heater  location  and  it  unfortunately  results  in  a  maximum  thermal  piping  expansion 
of  360  mm  and  in  a  temperature  loss  of  nearly  75  K.  For  special  cooling  requirements, 
there  is  a  separate  metered  high  pressure  air  line  into  the  test  cell. 

3.2  Combustor  Air  Heater 

Exact  duplication  of  all  engine  operating  conditions  concerning  combustor 
inlet  temperature  was  the  main  goal.  Near  maximum  temperature  and  pressure  at  engine 
HP-compressor  discharge  occur  during  high  speed  low  level  flights.  As  the  aircraft 
then  needs  maximum  thrust  the  combustor  must  also  be  capable  of  maximum  heat  release 
under  these  conditions.  All  test  and  measurement  equipment  was  designed  for  these 
conditions.  The  design  criterion  for  the  air  heater  was  to  heat  the  maximum  test 
facility  airflow  of  20  kg/s  up  to  820  K  at  combustor  inlet.  In  accordance  with 
this  and  the  75  K  temperature  loss  the  maximum  temperature  rise  of  the  heater  was 
set  at  640  K.  This  temperature  rise  with  a  desired  time  stability  of  +  2  K  and 
the  most  economical  design  led  to  the  chosen  convection  type  heater. 

The  temperature  rise  of  the  heater  at  1  bar  is  400  K  to  550  K.  Above  2  bar 
any  required  temperature  rise  between  200  K  and  550  K  can  be  set  up.  A  heating 
up  time  of  less  than  40  minutes  and  a  TBO  of  300  hours  was  guaranteed  and  could 
be  proven.  The  heater,  see  fig.  2,  consists  of  an  oil-fired  combustion  chamber 
and  a  folded  gas  pass  to  the  heat  exchanger.  To  alter  the  maximum  1300  K  high  gas 
temperature,  cold  dilution  air  can  be  mixed  gradually  with  the  hot  gas  before  enter¬ 
ing  the  heat  exchanger.  The  heater  is  controlled  automatically  by  a  three  stage 
regulation  system.  For  big  changes  of  heat  flux  the  amount  of  burnt  fuel  and  hence 
the  hot  gas  temperature  is  influenced,  small  changes  are  controlled  by  the  dilution 
air  /  hot  gas  mixing  ratio.  For  accurate  temperature  regulation  a  cold  air  bypass 
of  the  heater  enables  a  temperature  stability  of  +  3  K. 

3.3  Test  Site  Supplies 

Fuel  supply 

The  fuel  supply  system  was  designed  for  the  development  of  combustors  with 
different  fuel  spray  systems.  Therefore  a  three  line  system  was  chosen.  Pressures 
up  to  iOO  bar  and  flow  rates  up  to  3000  1/h  can  be  covered.  Metered  backing  lines 
allow  for  presetting  of  required  flow  rates.  For  quick  and  accurate  measurement 
three  different  flow  rate  measuring  systems  have  been  chosen.  An  accuracy  of  +  0,2  * 
o.r.  is  guaranteed  by  an  automatic  volumetric  system.  The  impulses  from  the  cali¬ 
brated  flow  turbines  are  fed  to  the  automatic  data  acquisition  system. 

For  special  endurance  tests  with  cycling  combustor  heat  releases,  the  fuel 
can  be  automatically  chopped  from  a  chosen  maximum  to  a  minimum  flow  rate  with 
individual  time  settings.  For  investigation  of  elevated  fuel  temperatures  on  fuel¬ 
boiling  behaviour  in  manifold  and  spray  systems,  the  fuel  temperature  can  be  increased 
to  430  K. 

Cooling  Water  Systems 

The  existing  main  cooling  water  system  is  made  up  with  a  boost  pump  (10  bar) 
and  then  used  to  cool  all  combustor  exhaust  ducting.  Each  separate  line  is  flow 
rate-controlled  according  to  water  exit  temperature  to  restrict  the  overall  amount 
of  cooling  water  to  an  allowable  rate  of  160  mVh.  From  this  medium  pressure  water 
system  an  injection  water  system  is  fed  by  another  boost  pump  (35  bar)  which  injects 
water  into  the  hot  ga  downstream  of  the  combustor.  A  regulation  system  which  meters 
the  flow  rate  in  relation  to  the  amount  of  burnt  fuel  keeps  the  water  loss  to  a 
minimum.  A  fuel/water  ratio  of  1:5  has  proven  to  be  satisfactory  and  keeps  the  steam 
plume  at  the  exhaust  stack  nearly  invisible. 


For  cooling  of  the  thermally  high  loaded  probes  at  combustor  exit  a  separate 
closed-loop  decarbonised  water  system  was  designed.  The  pressure  of  this  system 
is  adjusted  by  a  bypass  regulation  system  to  keep  the  pressure  difference  between 
water  and  gas  to  a  minimum.  This  method  and  a  safety  shut-off  system  prevent  burn 
out  of  all  probes  in  case  of  damage  to  one  single  probe.  By  additionally  monitoring 
water  exit  temperature  at  each  probe,  damage  has  so  far  been  completely  prevented. 

3.4  Combustor  Test  Rig  Arrangement 

The  best  method  of  handlinq  thermal  pipinq  expansions  between  air  heater  and 
combustor  rig  and  also  to  take  up  maximum  axial  loads  of  250  kN  from  the  throttle 
valve,  was  to  install  the  whole  rig  and  its  complete  measuring  equipment  on  a  move- 
able  riq  dolly,  see  fig.  3.  Hot  combustion  air  enters  the  rig  at  the  front  support 
which  can  be  disconnected  for  combustor  mounting  purposes,  hydr au 1 ica 1 ly  sliding 
on  the  basic  frame.  Front  support,  basic  frame  and  rear  support  take  the  high  axial 
loads  from  the  rig.  The  rear  support  carries  the  exhaust  throttle  vale.  Thermal 
expansions  between  front  and  rear  support  are  taken  by  a  compensator  upstream  of 
the  combustor.  To  prevent  any  buckling  force  on  a  thin  walled  (1,6  mm)  engine  com¬ 
bustor  casing,  the  compensator  can  be  installed  with  pre-tension.  This  arrangement 
first  seemed  to  be  very  complex  but  it  has  proved  to  be  a  safe  and  easy  mounting 
device.  Only  4  mechanics  and  3  engineers  are  necessary  to  fulfill  a  comprehensive 
test  programme  with  3  different  combustors  within  a  week,  having  a  10  hour  day 
shift.  Up  to  now  more  than  650  HP  runninq  hours  have  been  accumulated  without 
great  difficulties  or  damage  to  the  equipment. 


4.  TEST  LINE 

4.1  Combustor  Test  Riq 

The  research  Combustor  Test  Riq  is  shown  in  fig.  4.  It  consists  of  the  inlet 
section  with  its  measurement  instrumentation,  a  two  row  flow  simulator,  outer/inner 
casing  and  the  annular  flame  tube.  By  means  of  a  grid,  by  variable  guide  vanes 
and  by  blockage  rings  the  required  compressor  discharge  velocity  profile  and  turbu- 
lance  level  can  be  generated.  The  section  downstream  of  the  flow  simulator  contains 
an  interchangeable  prediffuser.  The  dump  diffuser  divides  the  annulus  air  into 
approximately  equal  proportions  for  outer  and  inner  flame  tube  supply.  At  the  end 
of  the  outer  annulus,  HP-turbine  bleed  is  simulated  by  a  metered  blow  off  line. 

The  combustion  outer  casing  carries  11  fuel  nozzles  and  two  high  energy  torch  igni¬ 
ters.  Different  up-to-date  fuel  spray  systems  have  been  investigated,  such  as  atom¬ 
izers  and  vaporizers.  Best  results  have  been  achieved  using  a  fuel  prevapor i za t ion 
concept,  (2),  (3).  The  flame  tube  consists  of  sections  welded  together  using  highly 
efficient  machined  cooling  rings.  At  the  exit  of  the  flame  tube,  in  the  plane  of 
the  nozzle  guide  vane  (NGV) ,  measurement  of  gas  temperatures  and  gas  sampling  are 
performed.  To  ensure  that  during  testing  the  probes  at  combustor  exit  (6  off)  are 
well  centered  in  the  hot  combustor  exit  plane,  they  have  to  be  adjusted  to  give 
approximately  3,5  mm  offset. 

4.2  Traverse  Gear 

For  reasons  of  simplicity  most  of  HP/HT  Combustor  development  work  is  usually 
done  by  using  either  a  number  of  fixed  probes  or  integral  well  mixed  gas  values 
downstream  of  the  combustor,  (4),  (5).  At  NASA-Lewis  Research  Centre  a  newly  designed 
test  facility  for  HP-combustor  and  HP-turbine  development  uses  an  internal  rotating 
assembly.  (6).  A  similar  design  was  chosen  by  Rolls  Royce  Bristol.  Problems  with 
"internal"  traverse  gears  are  often  caused  by  the  hot  gas  environment  of  the  measuring 
wiring  and  the  mechanism  for  rotation  and  control. 

After  a  design  evaluation  in  1972  it  was  decided  to  build  a  traverse  gear 
with  "external”  connection  of  the  probes,  see  fig.  5.  External  connections  permit 
easy  checking  of  all  instrumentation  wiring,  easy  tubing  and  individual  adjustment 
for  radial  probe  positioning.  The  chosen  traverse  gear  design  consists  of  a  fixed 
front  member,  a  T-Shaped  rotating  ring  for  support  of  6  equispaced  probes,  a  hydraulic 
drive  system,  a  control  unit  and  a  fixed  rear  member.  To  take  off  any  axial  load 
from  the  T-ring,  a  superstructure  of  8  bridge  pieces  is  built  over  it.  The  bridge 
pieces  take  the  axial  loads  generated  by  the  high  internal  pressure.  To  allow  for 
the  thermal  and  elastic  expansion  of  the  superstructure  only  one  single  gear  carries 
the  rotating  T-ring.  All  fixed  and  moving  parts  are  water  cooled.  By  means  of  a 
system  of  piston  type  rings  and  HP  sealing  air  chambers  any  hot  gas  leakage  to 
the  atmosphere  can  be  prevented.  Careful  attention  is  paid  to  balancing  the  pressure 
for  sealing  air  in  the  upstream  and  downstream  annular  HP  air  sealing  chamber. 

On  the  outer  diameter  of  the  T-ring  all  wires  and  tubes  are  run  together  to  form 
a  common  flexible  harness  to  wind  up  during  rotation  of  a  full  sweep  of  120°,  see 
fig.  6.  The  pictures  give  a  view  onto  the  front  member  of  the  traverse  gear  and 
the  exhaust  duct  downstream  of  the  combustor  exit.  The  cruciform  water  cooled  pipe 
structure  centers  the  inner  water  cooled  linings  and  contains  a  water  injection 
nozzle  on  the  centre  line. 
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4.!  Exhaust  Throttle  Valve 

The  design  principle  of  the  internally  watercooled  exhaust  throttle  valve 
(butterfly  type)  is  that  a  hollow  and  rigid  internal  structure  takes  the  load  from 
the  HP-gas  pressure,  see  fig.  7.  A  separate  water  jacket  enables  the  construction 
of  narrow  passages  for  intensive  water  cooling.  The  water  jacket  with  its  elevated 
temperature  and  non  uniform  thermal  expansion  can  move  freely  on  the  internal 
body.  Therefore  a  multisealing  design  at  both  ends  of  the  axis  was  necessary  to 
prevent  leakage  of  cooling  water  into  the  gas  or  rather  HP  hot  gas  penetration 
into  the  10  bar  cooling  water  system,  depending  on  actual  gas  pressure.  For  ease 
of  installation  the  single  piece  valve  is  mounted  between  two  flanges  of  the  exhaust 
duct  ing. 


5.  INSTRUMENTATION  AND  MEASUREMENT  EQUIPMENT 

Combustors  of  modern  aeroengines  are  highly  loaded,  i.e.  they  are  required 
to  produce  a  large  heat  release  in  a  small  volume.  It  is  therefore  important  to 
prove  their  performance  which  must  approach  100  percent  burn-out  rate  of  the  injected 
fuel  together  with  a  reasonable  temperature  distribution  to  ensure  a  definite  HP 
turbine  life.  Therefore  the  technology  of  temperature  measurement  and  gas  analysis 
for  high  pressure  and  high  temperature  gas  had  to  be  developed  at  MTU  in  order 
to  enable  combustor  development. 

5.1  Temperature  measurement 

Probe  Design 

Thermocouples  of  Pt  Rh/Pt  are  usually  used  for  high  temperature  measurement. 

Using  the  combination  PtRhlO/Pt,  the  thermocouple  beads  stand  temperatures  up  to 
2000  K  (melting  point).  The  problem  of  temperature  measurement  is  twofold:  as  a 
probe  body  is  required  which  will  stand  these  high  temperatures,  it  has  to  be  water- 
cooled  intensively,  and  hence  the  heat  flux  from  the  thermocouple  bead  to  this 
heat  sink  causes  the  bead  temperature  to  be  somewhat  lower  than  the  actual  gas 
temperature . 

For  easy  measurement  of  the  whole  combustor  exit,  three  rakes,  each  incorpo¬ 
rating  five  open  beads,  were  found  to  be  sufficient  for  accurate  temperature  field 
determination.  The  traverse  gear  has  then  only  to  rotate  through  a  120  degree  sector. 

The  following  criteria  have  been  established  for  the  temperature  probe  design: 

.  durability  of  probe  body  and  beads  up  to  2000  K  at  20  bar 

.  easy  maintenance  or  replacement  of  the  thermocouples 

.  foolproof  connection  systems  to  prevent  mixup  of  bead  wiring  and  faulty  contacts 
.  good  reproducibility  of  geometrical  bead  conf igura t ion 
.  good  response  of  thermocouple  bead 

.  probe  design  to  measure  gas  temperature  as  near  as  possible  to  the  wall 

.  no  catalytic  effect  on  bead  surface  in  case  of  unburnt  products  in  the  gas. 

As  a  result  of  continuous  development  we  came  up  with  a  hook-like  probe  body, 
see  fig.  8.  The  head  is  of  slender  form  held  by  a  22  mm  diameter  shaft.  The  cooling 
water  impinges  on  the  hot  leading  surface  of  the  probe  and  is  drained  along  the 
inner  structure.  Five  separate  welded  in  tubes  enclose  the  teflon  insulated  0,5  mm 
diameter  thermocouple  leads  which  end  in  ceramic  tubes  at  the  probe  head.  These 
ceramic  tubes  of  2.8  mm  diameter  contain  four  holes,  two  of  them  for  PtRhlO  support 
wires.  A  four-wire  bead  design  was  found  necessary  for  reasons  of  durability  and 
to  keep  the  bead  centered  for  all  thermal  expansion  positions.  To  prevent  catalytic 
postreaction  the  beads  are  A^O-j  coated  with  a  layer  of  6  -  8  pm  thickness. 

Temperature  Correction 

Open  bead  temperature  rakes  have  been  used  first  during  atmospheric  combustor 
test  periods.  Combustion  efficiency  according  to  thermocouple  mV-reading  was  always 
too  low  compared  to  the  gas  analysis  efficiency.  Therefore,  it  was  corrected  in 
relation  to  gas  efficiency.  For  the  purpose  of  comparison,  hot  gas  calibration 
tests  of  the  probes  have  then  been  performed.  A  definite  influence  of  hot  gas  Mach- 
number,  gas  temperature  and  bead  configuration  on  the  error  between  bead  and  actual 
gas  temperature  was  found.  Starting  the  HP  combustor  test  series,  the  correlation 
of  this  atmospheric  calibration  leads  to  pyrometric  efficiencies  above  100  %.  In 
the  first  instance  this  efficiency  could  only  be  corrected  in  relation  to  the  corre¬ 
sponding  gas  analysis  efficiency.  This  method  was  unsatisfactory.  Therefore,  some 
effort  was  put  into  probe  improvement  together  with  some  analytical  heat  balance 
alculations  of  the  standardized  bead  configuration. 


In  this  heat  balance  model  the  bead  has  to  perform  a  heat  balance  considering 
forced  convection,  conduction  and  radiation.  Any  catalytic  effect  could  be  neglected 
because  of  AItO.  coating.  A  schematic  of  the  thermal  heat  balance  model  is  given 
in  fig'.  9.  Parametric  calculations  showed  a  reasonable  sensitivity  of  the  computer 
model.  By  applying  a  temperature  influenced  emissivity  of  the  A120j  coating  a  good 
coincidence  of  atmospherically  calibrated  values  and  theoretical  data  was  obtained, 
as  can  be  seen  in  fig.  10.  Corrections  by  this  calculated  relationship  are  applied 
to  each  individual  temperature  reading,  taking  into  account  the  typical  test  point 
data  such  as  air  pressure,  air  temperature,  air/fuel  ratio,  combustor  exit  Mach-number, 
bead  emissivity  etc.  In  all  atmospheric  and  HP/HT  combustor  test  evaluations  discrep¬ 
ancies  of  not  more  than  3  *  (25  K)  between  pyrometric  and  gas  analysis  efficiency 
are  obtained.  According  to  this  the  peak  gas  temperature  at  combustor  exit  has 
an  accuracy  better  than  1,5  percent,  i.e.  1,3  percent  accuracy  of  the  temperature 
pattern  factors  OTDF  and  RTDF. 

5.2  Gas  Analysis 

Gas  analysis  has  been  employed  to  determine  the  gaseous  combustion  products 
and  smoke  emission.  The  efficiency  of  the  combustion  process  can  be  readily  deter¬ 
mined  from  the  portion  of  total  unburned  hydrocarbons-UHC  and  Co.  The  concentration 
of  smoke  for  example  is  mostly  a  measure  for  the  mixing  quality  of  the  fuel-rich 
reaction  in  the  primary  zone.  Combustor  gas  analysis  at  a  higher  pressure  level 
than  in  normal  atmospheric  tests  has  the  advantage  of  comparability  with  actual 
engine  results.  The  problem  however  with  rig  results  is  to  get  a  true  and  representa¬ 
tive  value  for  each  specimen. 

Gas  Sampling  System 

High  temperature  and  pressure  might  cause  postreaction  of  the  sample  in  the 
probe  if  fast  quenching  of  the  unburnt  products  and  radicals  cannot  be  achieved. 

In  order  to  avoid  too  much  investigation  into  developing  sample  techniques  some 
theoretical  calculations  have  been  performed  which  showed  that  the  lower  the  concen¬ 
tration  of  unburnt  products,  the  lower  the  rate  of  postreaction,  and  hence  the 
l  better  the  reliability  of  the  determined  combustion  efficiency.  For  a  typical  15 

bar  test  point  the  accuracy  of  combustion  efficiency  is  within  a  band  of  nearly 
0,5  percent  if  the  determined  efficiency  is  better  than  99  percent.  As  nitric  oxides 
show  practically  no  tendency  to  further  reaction  below  1500  K  it  could  be  proved 
by  HP-rig  test  results,  that  the  well  known  pressure  law  for  NO  formation  EINQ  p° ' ^ 

I  could  be  adopted  for  our  combustion  systems.  As  it  was  also  proved  that  the  rig 

smoke  results  compared  well  with  the  engine  exhaust  values,  we  gained  confidence 
in  the  used  gas  sampling  technology. 

For  sampling  gas  emissions  from  HP  combustor  rig  tests  three  five-point  water 
cooled  probes  were  used,  see  fig.  8.  The  width  of  the  probe  corresponds  to  the 
annular  combustor  exit  plane  height.  The  cooling  water  impinges  on  the  hot  leading 
surface  of  the  probe  and  thus  gives  good  cooling  of  the  body  and  allows  for  fast 
quenching  of  the  gas  specimen  in  each  of  the  five  separate  lines.  After  cooling 
down  the  gas,  the  five  gas  sampling  lines  are  joined  in  a  main  duct  and  its  mean 
gas  temperature  is  monitored  at  probe  exit.  During  the  stepwise  temperature  traverse 
at  the  combustor  exit  gas  samples  are  taken  from  three  equispaced  probes  in  order 
to  obtain  a  full  set  of  gas  emission  data.  All  lines  to  the  instruments  are  heated, 
and  the  arrangement  was  built  up  corresponding  to  the  EPA  requirements  as  far  as 
possible,  see  fig.  11.  To  minimize  the  response  time  of  the  system,  the  gas  flow 
rate  is  kept  as  high  as  possible  by  venting  the  excess  gas.  Thus,  a  response  time 
i  of  10  seconds  plus  10  seconds  for  value  stabilisation  gave  only  a  20  second  period 

for  each  test  point  sampling.  All  instruments  operate  continuously  and  the  results 
are  traced  permanently  by  multi-channel  chart  recorders.  Before  and  after  each 
test  point  the  instruments  are  calibrated  with  high  accuracy  reference  gas.  During 
start  of  the  combustor  and  fuel-rich  burning  during  test  point  set-up,  contamination 
of  the  sampling  system  with  liquid  fuel  or  soot  is  prevented  by  blowing  purge  air 
through  the  lining  system.  Each  probe  can  be  connected  separately  to  the  instruments 
by  means  of  automatic  shut-off  valves  if  non-mixed  individual  values  from  the  circum¬ 
ference  are  desired. 

Gas  Analysis  Equipment 

A  recommendation  for  the  procedure  for  continuous  sampling  and  measurement 
of  gaseous  emission  from  aircraft  turbine  engines  is  laid  down  in  the  "Aerospace 
Recommended  Practice  ARP  1256",  (7).  The  equipment  which  was  used  corresponds  to 
this  standardising  technology.  The  photograph  of  fig.  12  shows  the  set-up  of  the 
equipment . 

.  Total  Unburnt  Hydrocarbons  -  UHC 

The  total  unburnt  hydrocarbons  are  measured  with  a  flame  ionization  detector 
(Model  FID  3,  Testa,  Germany).  This  special  model  is  insensitive  to  oxygen 
and  is  completely  heated  to  150  °C.  Because  of  a  pressure  stabilizer  it 
has  a  stable  read  out  even  under  inlet  pressure  variations.  The  flow  rate 
is  kept  to  50  1/h  and  its  measuring  ranges  are: 

0-10/100/1.000/10.000/100.000  ppm  Vol 

\ 

For  calibration  a  set  of  different  gas  concentrations  (CjHg  in  N2)  are  used. 


:>>-(< 


.  Nitric  Oxides  -  NOx 

The  nitric  oxides  NOx=No+No2  are  measured  using  a  chemiluminescence  analyser 
(Model  10  AR,  Thermo  Electron  Corp. ,  USA).  This  model  has  been  chosen  because 
of  its  good  sensitivity  resulting  from  the  vacuum  reaction  chamber  (25  Torr). 
The  low  pressure  also  prevents  extensive  cross-sensivity  to  water  vapour. 

The  lines  and  the  capillary  module  are  also  heated  to  prevent  NO,  fall 
out  in  condensed  water.  The  analyser  including  the  capillary  modOle  is 
calibrated  with  NO  and  N02  mixtures  in  N2  with  the  flow  rate  of  50  1/h, 
the  same  as  for  the  measuring  set-up.  By  passing  the  gas  through  a  NO,/nO 
converter  the  NO  proportion  of  the  NOx  value  can  be  measured.  Span  setting 
ranges  are: 

0-2.5/10/25/100/250/1.000/2.500/10.000  ppm  Vol  NOx 

.  Carbon  Monoxide  -  CO,  Carbon  Dioxide  -  C02 

These  specimens  are  continuously  measured  by  the  usual  nondispersive  infra-red 
analyser  (NDIR) .  The  used  model  shows  an  excellent  thermal  stability  and 
no  long  time  drift  as  a  result  of  its  double  stage  cuvette  system  (Model 
UNDR  5N ,  Maihak,  Germany).  The  line  heating  is  set  to  approximately  150 
°C  and  the  gas  is  filteced,  dried  in  a  2  °C  water  trap  and  fed  to  the  instru¬ 
ments  at  a  flow  rate  of  60  1/h.  Span  setting  ranges  are: 

0-0. 2/0. 5/2.0  %  Vol  CO 

0-3/10/30  %  Vol  C02 

.  Smoke  (optical  extinction  method) 

The  smoke  measuring  procedure  is  laid  down  in  ARP  1179  (8).  This  procedure 
involves  the  divertion  of  a  small  fraction  of  the  engine  exhaust  stream 
which  is  passed  through  a  standardized  filter,  the  loss  of  its  reflectivity 
being  measured.  Since  this  method  was  specially  conceived  for  engine  compli¬ 
ance  tests  it  has  some  drawbacks  regarding  combustor  gas  measurement.  The 
main  disadvantage  is  its  inability  to  carry  out  continuous  smoke  emission 
measurements.  Therefore  an  improved  optical  smoke  meter  was  designed  at 
MTU  which  permits  continuous  measurement  with  sufficient  accuracy  at  low 
smoke  concentrations.  Further  details  are  given  in  (9) .  The  optical  instru¬ 
ment  employs  a  chopped  dual  beam  optical  system.  The  light  from  the  source 
is  divided  into  a  measuring  beam  through  a  steadily  blown  smoke  chamber 
and  a  reference  beam.  Comparison  of  the  two  light  intensities  leads  to 
the  extinction  value  of  the  actual  gas  sample  passing  the  heated  smoke 
chamber . 

5.3  Data  Acquisition 

A  semi-automatic  data  collecting  system  was  designed.  Depending  on  the  type 
of  combustor  test,  different  data  sequences  can  be  chosen.  A  basic  programme  which 
collects  a  fixed  set  of  data  for  test  point  evaluation,  is  activated  before  and 
after  each  test  point  traverse.  A  schematic  of  the  data  acquisition  system  is  given 
in  fig.  13.  On  command  from  the  control  unit,  the  multiplexer  digitizer  scans  all 
determined  signal  input  channels.  For  pressure  measurement  transducers  and  scani- 
valves  are  used.  For  higher  precision,  pressures  are  taken  as  differences  to  a 
finally  calibrated  reference  pressure,  normally  a  static  pressure  at  combustor 
inlet.  Scanning  velocity  can  be  adapted  to  full  pressure  settlement  in  the  lining 
system.  Temperature  accuracy  in  the  case  of  combustor  exit  gas  temperature  measure¬ 
ment  is  mostly  governed  by  the  quality  of  the  mV-reading/gas  temperature  correlation, 
not  by  the  accuracy  of  the  digitizer  instruments. 

The  input  signals  are  immediately  emitted  on  a  punched  tape  (BCD-Code)  and 
fed  into  a  teletyper  for  a  printing  of  all  data  outputs  in  mV-units  for  control 
purpose.  Fifteen  channels  can  be  traced  on  chart  recorders  parallel  to  the  automatic 
digital  system  for  control.  During  a  120  degree  sweep,  gas  samples  and  temperatures 
are  normally  taken  simultaneously.  The  step  increment  of  the  traverse  gear  can 
be  selected  by  digital  switches,  but  a  5  degree  step  is  preferred.  This  mode  gives 
360  individual  temperatures  and  24  gas  sampling  values  for  a  full  traverse  at  com¬ 
bustor  exit.  Considering  a  data  collection  sequence  time  of  20  seconds  for  one 
step,  one  comes  up  with  nearly  7  to  8  minutes  for  a  complete  set  of  data  for  a 
single  test  point. 


6.  TEST  AND  ANALYSIS  PROCEDURES 
6.1  Typical  Test  Procedure 

After  a  series  of  model  testing,  atmospheric  combustion  testing  and  altitude 
relight  testing  the  performance  of  the  combustor  under  actual  engine  conditions 
has  to  be  proved.  These  HP/HT-corabustor  tests  should  precede  the  engine  testing. 
To  achieve  good  compatibility  not  all  of  the  dimensions  of  the  rig  combustor  in 
relation  to  the  engine  combustor  should  be  scaled  and  great  care  should  be  taken 
to  ensure  the  simulation  of  the  dominant  engine  characteristics. 


The  HP/HT-combustor  test  procedures  have  been  established  in  such  a  manner, 
that  at  first  the  aerodynamic  design  values  are  proved  and  found  applicable  to 
the  combustor  even  under  high  thermal  loading.  Special  attention  is  then  drawn 
to  the  primary  zone  performance  (recirculation,  mixing  quality,  flame  tube  wall 
temperature).  By  altering  the  air  temperature  and  pressure  and  the  air/fuel  ratio 
as  well,  the  optimum  of  combustor  performance  can  be  determined  in  a  parametric 
manner.  The  second  stage  of  development  deals  with  the  optimisation  of  the  combustion 
process  to  meet  the  engine  design  requirements.  The  most  important  features  are 
combustor  durability  and  exit  temperature  pattern. 

High  pressure  combustion  tends  towards  smoke  production,  so  a  lot  of  development 
has  to  be  put  into  smoke  reducing  flame  tube  modifications  or  burner  design  improve¬ 
ments.  For  a  smoke  reduction  from  emission  values  of  9  HSU  to  4  HSU,  for  example, 
a  development  period  of  nearly  two  years  was  necessary  and  another  period  of  two 
years  brought  the  smoke  value  within  1,5  HSU  well  below  the  visibility  limit  of 
2,5  HSU. 

For  this  typical  work  accompanying  an  engine  test  programme  a  certain  combustor 
test  procedure  was  found  to  be  the  most  economical,  see  fig.  14.  In  this  HP/HT 
test  procedure,  measurements  are  first  taken  at  part  load  conditions  to  prevent 
any  damage  to  the  combustor  and  the  probes.  In  the  second  step  full  load  is  applied 
if  the  foregoing  data  allow  for  higher  thermal  load. 

6.2  Data  Processing  and  Test  Evaluation 

Comprehensive  computer  calculations  are  needed  for  data  processing  as  each 
individual  temperature  reading  has  to  be  corrected  to  come  up  with  the  true  gas 
temperature.  As  the  combustion  engineer  not  only  desires  to  know  mean  values  or 
global  pattern  factors  but  also  temperature  field  plots,  complex  computer  software 
was  established.  As  a  result  one  came  up  with  temperature  graphs,  see  fig.  15. 

On  this  graph  lines  of  constant  gas  temperatures  are  plotted  which  enable  an  easy 
judgement  of  traverse  quality. 

The  gas  analysis  results  are  gathered  on  multi-channel  chart  recorders.  Scripts 
are  evaluated  manually.  A  typical  chart  is  shown  in  fig.  16,  it  also  contains  the 
traverse  gear  stepping  trace  for  better  data  correlation  and  evaluation.  Automatic 
gas  analysis  evaluation  during  gas  sampling  is  in  preparation. 

6.3  Comparison  of  Rig  and  Engine  Test  Results 

As  far  as  gas  sampling  results  are  concerned  comparison  of  HP/HT  combustor 
test  and  engine  test  data  could  be  easily  applied,  as  in  the  engine  test  programme 
mainly  exhaust  measurement  equipment  was  installed.  For  analysis  of  engine  test 
data  it  has  to  be  born  in  mind  that  a  certain  deterioration  of  combustor  exit  values 
to  turbine  exit  values  occurs  due  to  possible  postreaction  in  the  turbine  section 
and  due  to  mixing  of  combustor  exhaust  gas  with  turbine  cooling  air  and  internal 
sealing  air.  Temperature  measurement  by  traverse  of  low  pressure  turbine  exhaust 
gas  showed  a  change  in  temperature  profile  shape  and  peak  temperature  location 
compared  to  combustor  exit  results.  No  congruence  to  combustor  exit  temperature 
profiles  could  be  found.  Gas  analysis  data  however  at  engine  nozzle  discharge  compare 
very  well  if  a  sample  of  the  core  jet  stream  is  taken  and  corrected  for  dilution 
by  internal  bleed  and  turbine  cooling  air,  see  fig.  17.  The  measured  emission  values 
of  unburned  products  (UHC,  Co)  decrease  in  the  well  known  manner  with  increasing 
pressure  and  temperature  in  the  combustor,  i.e.  shaft  rotation  or  thrust  of  the 
engine.  The  formation  of  NOx  and  the  production  of  smoke  both  show  a  tendency  towards 
increase,  the  N0X  formation  corresponding  to  the  rising  gas  temperature,  and  the 
smoke  production  corresponding  to  the  increasing  fuel  richness  and  gas  pressure. 

For  reasons  of  comparison  rig  results  are  plotted  into  the  engine  emission  curves. 
From  this  good  agreement  of  gas  analysis  data  it  may  be  assumed  that  a  similar 
good  agreement  exists  for  combustor  exit  temperature  pattern  factors  at  combustor 
exit.  This  could  be  indirectly  proved  after  thermal  paint  tests  with  turbine  nozzle 
guide  vanes  (NGV)  fitted  to  the  combustor  rig  and  NGV  tests  in  the  engine. 


7.  CONCLUSIONS 

Great  effort  has  been  put  into  the  design  and  development  of  a  high  pressure/high 
temperature  combustor  test  site  and  combustor  rig.  As  well  as  the  design  of  special 
test  equipment,  an  intensive  development  programme  for  instrumentation  equipment 
was  necessary  which  was  accompanied  by  theoretical  layout  calculations.  For  measure¬ 
ment  of  combustor  rig  and  engine  emissions  recommended  practices  and  gas  analysis 
equipment  led  to  good  and  comparable  results.  For  fast  response  and  reproducible 
smoke  emission  measurements  with  high  sensitivity,  two  different  instruments  have 
been  designed  and  proved  to  work  satisfactorily.  In  accordance  with  these  proven 
engine-to-r ig  correlations  it  is  possible  to  develop  an  engine  combustor  to  its 
full  performance  in  a  rig  programme.  Consequently  not  only  time  and  cost  of  engine 
development  work  can  be  saved  but  also  a  better  understanding  of  the  combustion 
process  is  accomplished.  In  long  term  development  risks  can  be  minimised  through 
proper  combustor  lay  out. 
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Fig.  3  HP/HT  Combustor  Test  Rig  Arrangement 


Fig.  4  HP/HT  Research  Combustor  Test  Rig 
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SUMMARY 


The  engine  performance  simulation  model  is  the  basis  of  all  engine  work  and  is  also  used  for  a  reliable  assessment  of 
marketable  performance,  for  the  prediction  of  the  flight  performance  of  the  aircraft,  for  the  interpretation  of  the  engine  malfunc 
tioning  and  then  for  a  correct  evaluation  of  the  engine  growth  potential.  The  accuracy  of  the  engine  model  is  a  function  of  the 
quality  of  the  performance  characteristics  used  for  each  component. 

In  accordance  with  this  concept,  within  a  turbofan  development  program,  FIAT  AVIAZIONE  carried  out  a  comprehensive 
investigation  on  the  Low  Pressure  Turbine  in  order  to  define  the  component  performance  with  the  best  possible  accuracy.  Different 
kind  of  tests  have  been  performed,  from  bidimensional,  rotating  cascades  and  a  cold  flow  rig  test  to  "in  engine"  component  testing. 
The  advantages  and  the  intrinsic  limits  of  each  kind  of  test  are  discussed  herebelow. 

The  first  part  of  this  paper  deals  with  the  Low  Pressure  Turbine  theoretical  prediction  methods  used  in  FIAT  AVIAZIONE 
and  a  correlation  between  predictions  and  rig  results  is  also  shown.  The  second  part  of  the  paper  compares  the  rig  results  with  the  "in 
engine”  ones  measured  with  an  appropriate  instrumentation  fitted  on  the  engine. 
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1.0.  INTRODUCTION 

The  optimization  of  a  new  engine  project  concerns  all  areas  supporting  the  development.  The  engine  simulation  by 
mathematical  models  is  quite  important  in  order  to  explore  the  engine  operating  characteristic  through  the  complete  operating 
envelope.  Such  models  are  helpful  both  for  assessing  the  marketable  performance  and  as  a  diagnostic  means  for  any  modifica¬ 
tion  needed  by  the  general  engine  improvement;  therefore  they  must  simulate  engine  steady  state  operating  conditions,  starting 
characteristics,  windmilling  conditions  and  transient  performance. 

A  reliable  mathematical  model  cannot  be  worked  out  by  simply  extrapolating  data  from  similar  engines,  but  also  an 
accurate  analysis  of  the  individual  component  behaviour  is  required.  Such  an  analysis  is  generally  based  on  theoretical  predic- 


tions  during  the  preliminary  design  phase;  afterwards  rig  investigations  allow,  within  certain  accuracy  limits,  both  the  aerodyna 
micists  to  verify  their  predictions  and  the  performance  specialists  to  improve  the  quality  of  their  mathematical  model. 

The  final  step  should  be  the  assessment  of  each  component  performance  when  installed  in  the  engine;  however  time  and 
cost  saving  suggest  to  perform  this  step  as  soon  as  possible  during  the  development  program. 

Within  the  development  program  of  a  turbofan  engine  a  step  by  step  investigation  has  been  carried  out  by  FIAT  AVIAZIO 
NE  on  a  Low  Pressure  Turbine.  Such  a  turbine  has  two  stages  with  a  mean  radius  of  about  200  mm  and  an  average  blade  height 
of  95  mm.  The  loading  factor  is  A H/U2  -  1 .9  on  the  first  stage  and  A  H/U2  =  1.6  on  the  second  stage.  The  expansion  ratio  is 
over  2.4  1 

The  above  mentioned  investigations  have  been  carried  out  as  follows: 

a)  Theoretical  prediction  of  the  turbine  performance  by  using  the  method  by  Ainlev  &  Mathienson  as  modified  by 
Dunham  &  Came. 

b)  Profile  pressure  loss  checks  on  annular  cascades. 

c)  Check  of  the  overall  row  characteristics  on  rotating  and  static  cascades. 

d)  Testing  of  the  whole  turbine  on  cold  flow  test  rig. 

e)  "In  engine"  turbine  testing. 

The  results  obtained  together  with  the  advantages  and  disadvantages  of  each  iingle  step  of  the  investigation  program  are 
described  in  this  paper.  Sometimes  only  a  few  steps  out  of  the  five  mentioned  mu  ht  be  needed,  depending  on  the  type  of  the 
turbine  to  be  analysed  and  on  the  kind  of  engine  on  which  it  is  fitted. 


2.0.  ENGINE  MATHEMATICAL  MODEL 

The  need  of  mathematical  models  to  describe  the  engine  performance  with  a  good  accuracy  during  the  several  steps  of  an 
engine  development  program,  implies  the  availability  of  the  components  characteristics  in  terms  of  flow  capacity,  pressure  ratio, 
efficiency,  specific  enthalpy  drop,  surge  margin  and  so  on.  Furthermore  these  characteristics  should  be  defined  at  sea  level  static 
as  well  as  within  the  flight  envelope. 

A  comprehensive  investigation  through  the  widest  range  of  operating  conditions  is  therefore  required  with  the  aim  of 
defining  the  influence  on  the  theoretical  components  maps  of  the  following  factors: 

-  Reynolds  number  effect. 

-  Aerodynamic  pattern  upstream  and  downstream  the  components  installed  in  the  engine. 

-  Actual  tip  clearances  on  the  engine. 

-  Heat  transfer  between  core  engine  and  by  pass  duct. 

Influence  of  secondary  and  cooling  flows. 

-  Surge  margins  for  compressors. 

-  Mechanical  and  aerodynamic  limits. 

The  required  amount  of  data  and  the  difficulty  of  extending  such  an  analysis  to  all  the  engine  components  make  difficult 
the  optimization  of  the  mathematical  model.  For  istance,  due  to  the  working  temperature  levels  and  the  contained  dimensions, 
the  High  Pressure  Turbine  is  a  critical  component  to  be  investigated  in  the  engine;  in  this  case  an  accurate  definition  of 
compressors  and  LP  Turbine  performance  (compared  with  the  overall  turbine  ones),  allows  the  HP  Turbine  characteristics  to  be 
estimated. 

Extensive  testing  is  needed  for  the  model  optimization  to  identify  the  critical  components  in  respect  to  possible  engine 
performance  shortfalls.  This  analysis,  firstly  carried  out  theoretically,  is  then  supported  by  testing  the  engine  at  sea  level  as  well 
as  in  the  Altitude  Test  Facility,  and  afterwards  in  flight.  The  engine  computer  model  can  make  profit  of  these  data  for  further 
optimizations  and  at  the  same  time  is  a  very  useful  means  for  the  preparation  of  the  test  program  too. 

The  influence  of  a  particular  component  on  the  engine  performance  is  a  function  of:  (i)  engine  configuration,  (ii) 
component  own  characteristics,  (iii)  characteristics  of  the  component  coupled  on  the  same  shaft  with  the  one  under  analysis. 
Appendix  1  shows  for  three  different  flight  conditions  the  influence  of  the  Low  Pressure  Turbine  on  the  performance  of  a 
mixed  flow,  low  bypass  turbofan.  The  results  of  the  analysis  show  in  terms  of  thrust,  specific  fuel  consumption,  shaft  speed, 
by  pass  ratio  the  LPT  influence  on  the  engine  matching  and  emphasize  the  engine  growth  potential  by  only  modifying  the  LPT 
characteristics,  provided  that  the  resulting  matching  does  not  badly  affect  handling  and  shaft  speeds. 


3.0.  TURBINE  PERFORMANCE  PREDICTION  METHODS 


The  use  of  the  analytical  methods  to  predict  turbine  performance  leads  to  simplified  models  due  to  the  extreme  comple¬ 
xity  of  the  flow  through  the  blades  caused  by  three  dimensional  temperature  and  pressure  distributions.  The  introduction  of 
computerization  allowed  great  improvements  of  these  methods  by  making  possible  to  be  defined,  with  good  accuracy,  the 
required  optimum  blade  shapes.  This  is  applicable  as  well  to  off  design  performance  evaluations. 

The  analytical  method  used  in  FIAT  AVIAZIONE  to  predict  turbine  performance  is  the  well  known  one  by  Ainley  & 
Mathienson  as  modified  by  Dunham  &  Came  (ref  1  and  2).  This  method  uses  semi-empirical  relationships  to  calculate  the 
turbine  blade  pressure  losses  as  a  sum  of  profile  ( Yp),  secondary  (Ys)  and  tip  clearance  losses  (Yj<). 

Y,ot  =  Yp  i  Ys  1  Yk 

These  pressure  losses  are  defined  as  the  total  pressure  drop  through  the  row  divided  by  the  dynamic  head  at  the  row  exit 

<Y,ot  <Pt.  -  Pt2)^>- 

Sometimes  this  procedure  leads  to  a  turbine  map  quite  different  from  the  one  obtained  by  subsequent  rig  tests  as  shown  in 
Fig.  1.  These  differences  are  mostly  due  to  inaccuracies  in  defining  the  total  pressure  losses  with  the  above  mentioned  relation¬ 
ships;  in  particular  the  major  uncertainity  is  related  to  secondary  and  tip  clearance  losses  because  of  the  complexity  of  this 
phenomenon  and  the  interaction  among  the  different  sources  of  loss. 


RIG  VERSUS  PREDICTED  MAP 


Fig.  1 

In  order  to  achieve  a  turbine  map  somewhat  more  realistic  than  that  obtained  in  the  above  way,  the  component  perfor¬ 
mance  calculation  program  has  been  fed  with  input  values  relative  to  blade  row  pressure  losses  measured  on  cascade  test  rigs. 


4.0  RIG  TEST  INVESTIGATION 

Three  rig  test  procedures  can  be  used  for  pressure  loss  measurements:  <i)  rectilinear  cascades,  (ii)  annular  cascades,  (iii) 
rotating  cascades 

Rig  tests  on  rectilinear  cascades  are  helpful  for  profile  losses  investigation.  In  this  case  secondary  loss  measurements  are  not 
meaningful:  in  fact  it  is  quite  impossible  to  simulate  the  blade  span-wise  static  pressure  gradient  and  blade  surface/end  wall 
boundary  layers  mixing  causing  such  losses.  Therefore,  for  conventional  blade  profiles,  these  tests  become  useless  and  time 
consuming,  it  is  possible  finding  in  the  literature  how  to  evaluate  the  profile  losses  for  conventional  geometry  blades. 

-  Annular  cascades  rig  tests  are  very  useful  to  define  the  cumulative  (profiles  fsecondary)  pressure  toss  characteristics  for 
stators.  These  cascades  extend  over  a  certain  sector  of  the  annulus:  if  the  sector  is  not  large  enough,  (i.e.  narrow  than  120 
degrees),  the  measurements  might  be  affected  by  the  boundary  conditions,  causing  in  this  way  appreciable  discrepancies 
between  annular  cascade  and  complete  blade  row.  Unluckily  such  a  rig  test  is  not  reliable  for  rotors  because  the  blade 
spanwise  static  pressure  distribution  is  different  in  the  reference  system,  preventing  the  secondary  losses  from  being  investiga¬ 
ted. 

-  Rig  tests  on  rotating  cascades  allow  accurate  analysis  on  rotor  pressure  losses.  In  this  case  the  relative  total  pressures  must  be 
worked  out  from  the  absolute  total  pressure  and  the  absolute  flow  angles;  following  this  tecnique  only  the  mean  circumferen¬ 
tial  value  of  pressure  losses  can  be  measured.  Investigations  of  tip  clearance  influence  on  pressure  losses  C8n  also  be  carried 
out,  on  this  test  rig,  supplying  useful  data  to  transfer  test  rig  results  to  engine  and  mathematical  models. 

An  accurate  evaluation  of  the  pressure  loss  characteristics  for  each  single  row  of  a  multistage  turbine  implies  testing  on 
particularly  designed  annular  and  rotating  cascade  test  rigs,  but  such  a  solution  was  found  too  expensive  and  time  consuming: 
besides  the  matching  of  the  single  results  could  produce  some  errors  in  the  overall  pressure  loss  picture.  To  overcome  these 
problems  FIAT  AVIAZIONE  have  built  a  multi-use  test  rig  on  which  the  testing  of  single  rows  and  complete  turbine  can  be 
done.  In  this  way  pressure  loss  characteristics  of  the  annular  cascades  (stators)  and  of  rotating  cascades  (rotors)  can  be  obtained 
alternatively  taking  into  account  the  mutual  influence  of  the  blades  rows  previolusly  tested. 
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4.1.  Rig  description 

In  Fig.  2  the  possible  configurations  of  the  test  rig,  when  arranged  for  cascade  investigations,  are  shown.  The  four  blade 
rows  are  interchangeable  with  other  rows  having  different  geometry  (stagger  angle  and  contained  annulus  modifications).  These 
features  allow  to  check  many  configurations  on  the  same  test  rig  with  the  same  instrumentation. 


MUITIUSI  TUT  IIO 


The  air  mass  flow  supplied  by  a  centrifugal  compressor  electrically  driven  is  measured  with  a  calibrated  nozzle.  The  braking 
system  is  made  by  two  hydraulic  brakes  of  12000  HP  total  power  at  12000  rpm  max  speed.  Bearing  lube  flow  and  temperature 
raise  rate  are  measured  during  the  test;  this  allow  the  absorbed  power  to  be  taken  into  account  for  turbine  efficiency 
calculations. 


TEST  SYSTEM  SCHEMATIC 
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TURBINE  COLD  FLOW  RIG  INSTRUMENTATION 
•  STATIC  PRESSURES  ▼  BOSSES  FOR  RAKES 
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Fig.  4 


The  test  rig  is  equipped  (Fig.  4),  with  rakes  of  total  pressure  and  temperature  probes  with  five  reading  points  each.  The 
provided  instrumentation  allows  three  different  methods  to  calculate  the  effi¬ 
ciency.  METHOD  1  MET.HOO  2 

-  Method  1  :  based  on  temperature  and  pressure  measurements  upstream  and  ^ 

downstream  the  turbine.  _  Tn  Tt?  n  M  -cP 

11  ■  r  ,1  f  ■  ,  T 

1 "  /  . /.-i  j  1 1  '  f  \  r' 

-  Method  2  :  based  on  brake  power  and  total  to  total  expansion  ratio.  { hi  1  <  >  l"  1 

W  [  '*«/  J 

-  Method  3  :  based  on  brake  power  and  total  to  total  expansion  ratio  evalua-  *n . Tta-P:i.f’ia  kasumo  n, m.p, i, ,  miasumd 

ted  by  calculation  of  downstream  total  pressures  from  static 

pressures,  swirl  angles,  airflow  and  areas.  method  3 
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The  relationships  by  which  efficiencies  have  been  calculated  are  listed  in  «  t,  e.  m.i„  musurio 
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The  2nd  method  (efficiency  based  on  power  measured)  is  the  most  accura-  ,Mt  B1SIS  °r 
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4.2  Rig  test  procedure  and  results 

To  investigate  stator  characterises  at  a  given  inlet  Mach  number  and  aerodynamic  incidence,  many  measurements  over  a 
grid  similar  to  that  superimposed  on  Fig.  5  are  required.  The 
grid  density  must  be  higher  in  the  wake  region  and  at  each  point 

both  total  and  static  pressures  have  to  be  measured.  In  order  to  staIO*  koto* 

minimize  the  interference  between  instrumentation  and  flow,  a 
remote-controlled  yawmeter,  previously  calibrated  on  a  wind 
tunnel,  is  to  be  adopted.  An  example  of  the  results  obtained 
from  these  measurements  is  shown  in  Fig.  5.  From  such  a  map 
mean  pressure  losses  area  weighted  for  several  radial  stations  can 

be  obtained.  \  "  L  9  \  i 

In  the  case  of  a  rotor  the  test  is  quicker  not  being  necessa¬ 
ry  to  move  the  yawmeter  circumferential  wise;  in  fact  the  mea¬ 
suring  system,  due  to  its  inertia,  behaves  like  a  filter  feeling  the 
mean  circumferential  value  only.  The  measurement,  performed 
for  several  radial  stations,  should  be  then  repeated  for  the  requi 
red  values  of  aerodynamic  incidence. 

From  a  set  of  pressure  loss  maps,  shown  in  Figs.  5  and  6 
for  stators  and  rotors  respectively,  total  pressure  loss  versus  Fig.  5 

aerodynamic  incidence  characteristics  can  be  worked  out  The 

incidence  variation  for  the  1st  stator  can  be  done  by  changing  the  stagger  angle  of  the  blades,  while  for  the  following  blade  rows 
it  can  be  done  by  varying  the  rotor  angular  speed.  The  characteristics  obtained  on  the  multiuse  rig  for  the  LP  Turbine,  we  are 
dealing  with,  have  been  compared  in  Fig.  7,  with  the  Ainley  &  Mathienson  curves. 
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Fig.  7 

To  justify  the  appreciable  differences  recorded  on  the  rows  downstream  the  1st  stator,  it  must  be  pointed  out  that  the 
pressure  loss  characteristics  prediction  as  suggested  by  A.  &  M.  method  mainly  refers  to  conventional  blade  profiles,  while  the 
ones  used  for  the  turbine  under  discussion  have  shaped  by  interactive  method  computer  aided  allowing  for  thinner  blade  shapes 
and  better  performance. 

When  all  the  cascade  investigations  are  performed  the  rig  is  able  to  test  the  overall  turbine  in  order  to  achieve  a  map.  The 
turbine  map  calculated  by  using  the  measured  row  pressure  losses  vs  incidence  shows  a  good  agreement  with  the  overall  turbine 
characteristics  measured  on  the  test  rig  (Fig.  8)  for  all  the  relative  non  dimensional  speeds. 


OPTIMIZED  MODEL  VERSUS  RIG  MAP 
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5.0.  L.P.  TURBINE  MATHEMATICAL  MODEL  CALIBRATION 

An  accurate  calibration  of  the  mathematical  model  allows  reliable  performance  predictions  for  any  geometry  modification 
of  the  basic  turbine  (blade  restagger  and  contained  annulus  modifications)  intended  to  produce  the  required  engine  rematching. 

When  dealing  with  several  possible  configurations  the  mathematical  model  is  an  helpful  and  reliable  means  for  a  comparati 
ve  analysis,  the  most  suitable  solution,  and  that  only,  can  be  then  tested  on  the  test  rig  saving  in  this  way  money  and  time. 
Provided  the  mathematical  model  is  accurately  optimized  no  appreciable  deviations  are  to  be  expected  from  the  last  verification 
on  the  test  rig. 

The  model  optimization  implies  test  conditions  on  the  test  rig  as  consistent  as  possible  with  the  actual  turbine  behaviour  in 
the  engine;  besides  the  mathematical  model  must  include  ail  the  refinements  necessary  to  cope  with  the  "in  engine"  performan 
ce.  The  method  used  to  minimize  the  discrepancies  of  test  rig  results  and  then  the  mathematical  model  (optimized  through  rig 
testing)  against  the  "in  engine"  component  behaviour  is  illustrated  in  the  following  table. 


RIG  TEST  VS  ENGINE 


MATHEMATICAL  MODEL  J S  ENGINE 


Reynolds  Number 

For  the  turbine  under  discussion  the  ratio  Re  on  rig  / 
Re  on  engine)  is  contained  between  1.7  and  2.0  for 
the  different  ratings.  The  measured  efficiency  should 
then  be  corrected  in  accordance  with  the  following 
relationship. 

H  —  ^eng)  =  ^  —  ^rig)  (^erig/^eeng) 


Air  -» cold  gas  -*  hot  gas 

The  change  of  Cp  and  R  (function  respectively  of 
temperature  and  fuel  air  ratio)  and  the  throat  areas 
variation  due  to  thermal  and  centrifugal  effects  par¬ 
tially  counterbalance  and  often  annul  each  other.  In 
this  way  the  rig  tests  and  engine  flow  functions  equa¬ 
lity  also  guarantees  the  aerodynamic  similarity  in  the 
axial  direction. 

In  order  to  guarantee  the  aerodynamic  similarity  in 
the  tangential  direction,  as  the  two  mentioned  effects 
do  not  compensate  each  other,  the  following  ratio 
should  be  used:  , - _ _ 


(N/VT)eng/(N/^T)ri9  = 


Teng  Reng  ^rig 
Trig  f*rig  ^eng 


Tip  clearance 

The  rig  tests  flexibility  allows  the  definition  of  an 
experimental  relationship  to  correct  the  performance 
for  different  running  clearance  values. 

Flow  distortion 

It  is  very  difficult  to  obtain  on  the  rig  a  satisfactory 
simulation  of  the  flow  distortions.  Furthermore  that 
could  imply  very  complex  and  expensive  modifica¬ 
tions  of  the  rig. 


Reynolds  Number 

When  pressure  loss  characteristics  are  available  for 
each  row  the  Re  correction  can  be  done  with  the 
formula  reported  in  ref.  2. 

(Yp  '  Ys)cor,.c„0  =  (Vp  I  Ys)  (Re  /  2  *  105)  02 


Air  -»  Gas 

The  mathematical  model  accounts  for  any  Cp  and  R 
values,  furthermore  it  is  also  able  to  correct  Cp  by 
flow  static  temperature  through  the  rows  being  this 
more  accordance  with  the  real  flow. 


Cold  gas  -*  hot  gas 

The  model  could  allow  for  geometry  variations  at  dif¬ 
ferent  ratings,  provided  that  it  is  correctly  instructed 
(correct  thermal  analysis  available). 


Tip  clearance 

The  mathematical  model  could  be  adapted  to  allow 
for  the  experimental  curve  obtained  on  the  rig  to 
predict  both  rig  and  engine  turbine  behaviour. 

Flow  distortion 

The  mathematical  model,  being  one-dimensional,  can¬ 
not  consider  particular  profiles  for  the  inlet  parame 
ters.  Moreover  it  must  be  pointed  out  that  "general 
ly"  flow  distortions  attenuate  through  the  rows  and 
then  should  affect  the  pressure  losses  of  the  1st  row 
only. 


6.0.  "IN  ENGINE"  TURBINE  PERFORMANCE  INVESTIGATION 

In  order  to  improve  the  knowledge  of  the  turbine  characteristics  when  installed  in  the  engine  it  may  be  useful  to  investigate 
their  performance  using  the  engine  as  a  test  bench. 

The  original  target  for  this  test  was  the  drawing  of  an  installed  turbine  map.  The  test  procedure  was  in  fact  studied  in  such 
a  way  to  explore  the  whole  map  (different  fans,  variable  nozzle  area,  different  bleed  configurations,  particularly  shaped  nozzles 
to  split  hot  and  cold  flows).  Unluckily  the  intrinsic  difficulties  of  this  kind  of  analysis  did  not  allow  the  achievement  of  such  an 
ambitious  target,  however  this  kind  of  test  turned  out  to  be  very  useful  to  define:  (i)  pressure  and  temperature  profiles, 
upstream  and  downstream  the  turbine,  (ii)  absolute  efficiency  level  in  operating  conditions. 


\ 
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6.1.  Instrumentation 


The  engine  readout  is  not  problem  free  and  to  our  experience  it  can  be  regarded  as  reliable  only  when  a  large  number  of 
measuring  points  and  a  particularly  accurate  procedure  are  used.  The  type  and  density  of  the  instrumentation  to  be  fitted  on  the 
engine  depend  on  the  kind  of  measurement  errors  affecting  the  results.  In  fact,  pressure  and  temperature  distortions  on  the 
engine  and  furthermore  the  high  temperature  values  achieved,  sensibly  affect  the  choice  of  thermocouples  type  and  position. 

Overall  measurement  error  limit  has  been  defined  for  the  LP  Turbine  under  discussion,  by  analysing  the  possible  causes  of 
error:  systematic  and  random. 


Systematic  errors  (SE) 

-  Temperature  and  pressure  probes  inac 
curacies 

-  Data  acquisition  system  uncertainty 

-  Pressure  profile  inaccuracy  due  to  limi 
ted  number  of  probes 


Eliminated  by  installed  probe  calibration. 

Negligible  because  of  transducer  calibration. 
Negligible  because  of  the  flat  shape  of  profiles. 


—  Temperature  profile  inaccuracy  due  to 
limited  number  of  probes 


Estimated  from  previous  tests  in  about  1 K  at  turbine 
inlet  and  oulet. 


h 


-  Temperature  inaccuracy  due  to  rakes 
axial  displacement 


Core  to  by  pass  duct  heat  exchange,  taken  into  ac¬ 
count. 


Random  errors  (RE I 

-  Entry  and  exit  temperature  instrumenta-  ±0.15  percent 

tion  precision 

-  Entry  and  exit  pressure  instrumentation  ±0.30  percent 

precision 

-  Number  of  points  taken  at  the  same  ra¬ 
ting 

The  overall  measurement  error  limit  is  defined  as  follows: 

OMEL  =  y/  (SEP  I- (RE)2” 

Following  the  above  analysis  the  instrumentation  has  been  a  ranged  as  shown  in  Fig.  9. 
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Fig.  9 


Inlet  and  outlet  thermocouples  have  been  calibrated  against  master  thermocouples  in  order  to  contain  mean  errors 
within  ±  0.5  K  around  the  max  temperature  values.  Pressure  probes  of  the  Kiel  type  have  been  used. 
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The  measurement  error  influence  on  efficiency  evaluation  is  discribed  in  Appendix  2.  It  can  be  observed  that  this  influence 
is  rapidly  increasing  when  decreasing  turbine  load.  It  appears  then  quite  clearly  how  difficult  is  to  obtain  reliable  efficiencies  at 
low  speed,  even  with  good  measurement  accuracy. 

The  flow  function  at  turbine  inlet  is  influenced  by  possible  errors  in  engine  by-pass  ratio  estimates,  other  than  by 
temperature  and  pressure  errors  at  LP  Turbine  inlet. 

In  the  present  case  the  evaluation  of  the  by  pass  ratio  is  based  on  an  energy  balance  method  requiring  measurements  or 
estimates  of  the  following  parameters: 

-  Engine  combustion  chamber  and  by  pass  duct  inlet  temperature 
—  Total  air  flow  at  engine  inlet 

—  Fuel  flow 

-  Combustor  efficiency  and  pressure  losses 

-  Secondary  flows 
—  Power  offtakes 

The  obtainable  accuracies  for  the  above  parameter  measurements  and  the  relative  weight  on  air  flow  evaluation  through  the 
core  engine  are  reported  in  table  2. 


PARAMETER 

ERROR 

RELATIVE  WEGHT 

t  % 

ON  MASS  FLOW 
EVALUATION  % 

INLET  MASS  FLOW 

1.0 

0  2 

LPT  EXIT  TEF^CRATIRC  (CAUBRATED) 

0  IS 

0.2 

BY-PASS  DUCT  ENTRY  TEMPERATURE 

0  s 

0  6 

COMPRESSORS  EXIT  TEMPERATURE 

0.5 

0 

FUEL  MASS  FLOW  A  HEATING  VALUE 

0.5 

0.5 

COMBUSTION  EFFICIENCY 

0  3 

0  3 

SECONDARY  FLOWS 

07 

0  7 

ENGINE  ENTRY  TEMFERATURE 

03 

0.5 

LPT  EXIT  TEMP.  PROFILE  fCAUBRATEO) 

0  15 

0.2 

The  following  turbine  performance  parameters  precision  (  with  95%  confidence  level)  is  expected  around  design  point: 


Efficiency 

a 

±1.5“/. 

Inlet  flow  function 

M  VT  /P 

±0.7"/, 

Specific  entahalpy  drop 

AH/T 

±  1.4“/, 

6.2.  Test  procedure  and  results 

In  the  attempt  of  drawing  the  turbine  map  a  test  procedure  based  on  engine  geometry  variation  has  been  adopted.  In  fact 
the  different  components  match  themselves  in  a  certain  way  when  installed  in  the  engine  making  so  difficult  to  investigate  the 
turbine  map  on  points  outside  those  lying  along  the  steady  state  working  line. 

In  order  to  obtain  working  line  shifts,  different  fan,  nozzle  areas  and  bleed  configurations  have  been  tested.  The  engine 
mismatching  has  been  also  attempted  by  replacing  the  nozzle  with  a  special  one,  splitting  the  hot  and  cold  flows  and  varying  the 
two  flows  geometric  areas.  Nevertheless  all  the  mentioned  configurations  did  not  allow  appreciable  excursion  of  the  working 
line  unless  in  a  very  narrow  band. 

During  the  development  of  such  a  test  program  one  realizes  that  pursuing  a  lot  of  different  configurations  to  obtain  the 
required  running  line  excursion  is  complex,  expensive  and  time  consuming.  At  the  end  no  better  results  than  those  obtainable 
with  a  good  mathematical  model  can  be  expected. 

Even  if  the  original  aim  of  the  investigation  has  not  been  totally  achieved,  satisfactory  results  have  been  obtained  both  in 
terms  of  performance  parameters  level  and  accuracy;  the  results  obtained  are  compared  in  Fig.  10  with  the  theoretical  map 
(optimized  through  rig  tests).  Reynolds  numbers,  radial  tip  clearances,  secondary  and  cooling  flows  have  been  taken  into 
account  for  a  consistent  comparison.  The  majority  of  the  experimental  points  lie  on  the  working  line.  It  can  be  observed  that  a 
good  accordance  in  terms  of  efficiency,  flow  function  and  specific  enthalpy  drop  has  been  achieved  at  a  fixed  relative  non 
dimentional  speed. 
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IN  ENGINE  LP  TURBINE  WORKING  LINES 
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Fig.  10 

From  the  graph  of  Fig.  1 1  showing  the  measured  data  plotted  versus  N/  Vt  it  results  that  the  predictions  of  the  parameter 
measurement  precision  are  confirmed  (with  a  95“/o  confidence  level). 


TEST  RESULTS  AT  \BUMOUS  BLEED  CONFIGURATIONS  WITH  TWO  DIFFERENT  STANDARDS  Of  FAN 


Fig.  11 

When  using  the  direct  method,  i.e.  temperature  and  pressure  measurement  upstream  and  downstream  the  turbine,  the 
efficiency  calculated  is  much  more  accurate  when  the  average  (weighted)  pressures  and  temperatures  represent  the  real  value 
(i.e.  the  systematic  errors  are  removed). 

One  of  the  purposes  of  the  investigation  has  been  also  to  find  (through  subsequent  tests)  the  optimum  number  of  pressure 
and  temperature  taps  for  a  correct  average  value  definition,  in  the  same  time  avoiding  a  too  heavy  instrumentation,  which  could 
alterate  the  turbine  characteristics.  When  a  too  heavy  instrumentation  is  fitted  on  one  or  more  components  the  apparently 
satisfactory  results  obtained,  often  refer  to  a  component  or  engine  of  different  geometry. 

The  analysis  carried  out  suggests  that  particular  attention  must  be  paid  to  the  temperature  reading  distribution,  while  for 
pressures,  due  to  the  flat  profiles,  also  a  low  instrumentation 
density  gives  a  satisfactory  answer. 

In  Fig.  12  the  obtainable  measurement  accuracy  is  plot¬ 
ted  against  temperature  reading  density.  It  comes  out  that  a 
satisfactory  accuracy  (i.e.  ±  IK  at  max  rating)  can  be  achie¬ 
ved  with  an  instrumentation  density  not  higher  than  400 
reading  points/square  meter. 

From  what  already  told  it  emerges  that  further  improve¬ 
ments  on  efficiency  evaluation  are  hardly  obtainable  with  the 
used  measuring  technique.  Alternative  techniques  like  hot 
film  and  laser  anemometry  could  be  used.  However  these 
techniques  entail  in  addition  to  the  background  needed  for 
the  results  interpretation,  to  overcome  installation  problems. 

The  hot  film  anemometer,  for  instance,  should  be  fitted  in  a 
part  of  the  engine  where  high  temperature  gas  is  flowing  and 
where  an  intensive  analysis  of  the  thermal  and  vibration  pro- 
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Fig.  12 
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blems  is  required.  Furthermore  this  particular  technique  does  not  suit  the  hot  region  investigation  very  well.  The  laser  anemome 
try  does  not  suffer  for  the  above  problems,  but  on  the  other  hand  requires  the  installation  of  cumbersome  devices  on  the  outer 
casing  of  the  engine.  Both  the  mentioned  techniques  are  very  expensive  and  the  data  acquisition  and  interpretation  can  be  done 
only  after  accurate  calibrations. 


7.0.  CONCLUSIONS 

The  achievement  of  a  reliable  engine  mathematical  model,  especially  during  the  early  development  phase,  is  of  primary 
importance  for  the  success  of  an  engine  program. 

Such  a  model  requires  an  accurate  definition  of  "in  engine"  component  characteristics. 

The  extensive  use  of  sophisticated  computer  methods  allows  the  introduction  of  unique  features  to  optimize  the  aerodyna¬ 
mic  performance  of  a  specific  component. 

Therefore,  when  dealing  with  high  performance  engine  components,  it  is  difficult  to  find  a  satisfactory  generalized 
prediction  method.  It  comes  out  that,  mainly  in  the  preliminary  design  phase,  an  intensive  experimental  investigation  work  is 
necessary  to  support  and  then  verify  theoretical  predictions. 

The  rotating  cascade  tests,  performed  during  the  investigation  program  of  the  LP  Turbine  under  discussion,  proved  to  be 
the  most  meaningful  rig  tests  from  the  point  of  view  of  the  turbine  simulation  model.  The  best  results  can  be  obtained  from  a 
multiuse  bench;  in  this  way  the  interaction  between  rows  can  be  taken  into  account  without  resort  to  particulary  designed 
annular  and  rotating  cascade  test  rigs,  being  this  last  solution  too  complex  and  expensive. 

The  LP  Turbine  tests  carried  out  on  the  engine  did  not  permit  the  drawing  of  a  map.  During  the  development  of  such  a  test 
program,  one  realizes  that  pursuing  a  lot  of  different  configurations  to  obtain  such  a  result  in  complex,  expensive  and  time 
consuming,  and  no  better  results  than  those  obtainable  with  a  good  mathematical  model  can  be  expected.  Nevertheless  this  test 
allowed  the  determination  of  performance  characteristics  along  the  steady  state  working  line  and  the  definition  of  pressure  and 
temperature  profiles  upstream  and  downstream  the  turbine. 

Useful  data  can  be  worked  out  following  the  above  investigation  procedure  for:  (« )  rig  results  to  engine  reduction  and  then 
improvement  of  the  mathematical  model,  (ii)  turbine  design  optimization,  (iii)  performance  prediction  of  derivative  configura¬ 
tions. 
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APPENDIX  1  -  LP  TURBINE  INFLUENCE  ON  ENGINE  PERFORMANCE 

The  influence  of  a  particular  component  on  the  engine  performance  is  a  function  of:  (i)  engine  configuration,  (ii) 
component  own  characteristics,  (iii)  characteristics  of  the  component  coupled  on  the  same  shaft  with  the  one  under  analysis. 

In  the  following  figures  the  influence  of  the  low  pressure  turbine  on  the  performance  of  a  mixed  flow  low  by  pass  turbofan 
is  shown. 

Fig.  11  -  SEA  LEVEL  STATIC 
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Fig.  1-2  -  SEA  LEVEL  Ma  =  0.9 
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The  flow  capacity  of  the  LP  turbine  has  been  modified  by  ±  5%  and  the  efficiency 
carried  out  with  two  different  fan  characteristics;  the  first  with  the  efficiency  versus 
speed  relationship  shown  in  figure  1-4  the  second  one  with  a  constant  efficiency  versus 

speed. 

The  results  of  the  above  analysis  show  in  terms  of  thrust  specific  fuel  consumption, 
shaft  speed  and  by-pass  ratio  the  LP  Turbine  influence  on  the  engine  growth  potential  by 
only  modifying  the  LPT  characteristics,  provided  that  the  resulting  matching  does  not 
badly  affect  handling  and  shaft  speeds. 


by  i  2%.  The  analysis  I 
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APPENDIX  2  -  EFFICIENCY  EVALUATION  METHODS 

The  most  suitable  method  to  be  used  for  turbine  efficiency  evaluation  on  test  rig  is  investigated  here  with  reference  to  the 
three  methods  available  listed  in  the  table  of  paragraph  4.1. 

The  main  differences  among  the  three  methods  lie  in  the  different  way  of  calculating  the  actual  power  produced  by  the 
turbine  (i.e.  the  numerator  of  the  efficiency  formula  and  also  the  denominator  in  the  3rd  method).  The  (i)  direct  method 
requires  the  measurement  of  the  turbine  outlet  temperature,  the  (ii)  power  method  the  measurement  of  power  and  air  mass  flow 
and  the  (iii)  wall  static  continuity  method  the  measurement  of  power,  massflow,  outlet  static  pressures  and  flow  angles. 

The  assumed  measurement  precision  for  all  the  parameters  required  by  the  three  above  mentioned  methods  are: 


-  Total  pressure  measurement 

AP,/Pt 

= 

±0.3% 

—  Static  pressure  measurement 

APS/PS 

= 

±0.3% 

-  Total  temperature  measurement 

at/t 

= 

±0. 15°/o 

Brake  power  measurement 

All /II 

= 

±1.0  “/o 

—  Air  mass  flow  measurement 

am/m 

= 

±1.0% 

A  —  Comparison  between  method  1  and  method  2 


The  mean  square  error  has  been  calculated  with  the  following  relationships  for  direct  and  power  methos  respectively. 
Ar,T  =  |(S»T  /  fi  T,  )a  AT?  M6tjtMT2)2  AT?  i  (ft  rj  T  A  Pt,  )2  APt?  <  (ftnT/ftPt2  )*  APt?],/2 


Sr,r  =  ( (ft  T7 „./*  T ,  )2  AT?  I  (ftrj^/ft  Pt)  )2  APt? 


^  (Sri„rtPt2)2  AP,2  MS>7„/6M)2 


AM2  +  (6  77w/6 II  )2  All2]1'2 


The  graphs  shown  in  Figs.  2-1  and  2-2  have  been  worked  out  by  developing  the  above  relationships.  It  results  quite  clearly 
that,  with  the  assumed  parameter  precisions,  the  power  method  is  largely  better  than  the  direct  one.  It  can  be  also  noted 
that  in  both  cases  the  error  increases  rapidly  when  decreasing  turbine  load  (AH/T),  making  so  difficult  an  accurate 
efficiency  definition  particularly  at  low  ratings.  Even  if  expensive  torque  measuring  devices  are  required,  the  power  method 
is  the  preferred  one  because  of  the  better  accuracy  obtainable.  On  the  other  hand  the  direct  method  does  not  need  power 
and  mass  flow  measurements  and  when  pressure  and  temperature  profiles  and  radial  work  distribution  are  of  interest,  could 
be  preferred  or  used  in  parallel  to  the  power  one,  despite  the  worse  accuracy. 
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Fig.  2  1 


Fig.  2-2 


B  -  Comparison  between  method  2  and  method  3 

The  only  difference  between  these  two  methods  is  the  different  way  of  calculating  the  turbine  outlet  total  pressure  The 

theoretical  comparison  has  been  then  based  on  A  P  errors  only.  The  results  are  shown  in  Fig.  2-3.  Also  in  this  case  the  power 

method  is  allowing  for  better  accuracy.  However  it  must  be  pointed  out  that  the  wall 

static  continuity  method  should  be  the  only  one  able  to  define  the  real  total  to  total  *• 

efficiency,  while  the  power  method  should  allow  a  total  to  axial  total  efficiency  ^  “ 

evaluation  only.  On  the  other  hand  the  use  of  Kiel  probes,  insensible  to  misaligne- 

ment  between  flow  and  probe  axis  up  to  ±45  degrees  overcomes  this  problem.  u* 


0* 


Fig.  2  3 
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DISCUSSION 


Don  Rudnitski.  NKC.  Ca 

What  method  of  determining  flow  direction  was  used?  Was  it  a  cobra  probe  with  nulling  techniques?  If  so,  was  it 
manual  or  computer  controlled? 

Author’s  Reply 

It  was  a  cobra  type  probe;  the  nulling  method  was  used.  It  was  not  computerized,  but  manually  done,  using 
manometers. 
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K i  Investigation  of  a  Two-b tage, 

Tingle  .'haft  Low  <’o:  t.  Tu  rhino. 
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Alfa  R omo o  A v i  a  z  i one 
sOo;p<  Pornig  1  iano  d  '  Arco 
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Suninary 


in  this  paper  in  reported  the  development  programme  of  a  two-s tage ,  single 
sh  if  t  turh  ine  . 

The  progr-imme  in  based  on  several  tents  performed  in  the  single. Shaft  two 
stage  turbine  configuration,  the  objective  being  the  optimization  of  the  off-design 
performance,  correct  dir- tribu t ion  of  the  first  and  second  .stage  workload  and  harmo¬ 
nization  of  the  nozzle  throat  areas. 

Tests  have  been  carried  out  or  are  planned  to  investigate  the  effect  on 
the  efficiency  of  the  rotor  tip  clearance,  Reynolds  number  effect;  and  cooling  flows. 
The  result  analysis-  is  compared  with  the  predicted  carpet  or  each  stage  individual¬ 
ly  and  of  the  two  stages  together. 


1 .  1 n  troduc t  ion 

The  AR  Jl8  Turboprop  is,  the  first  turbine  engine  designed  and  developed 
by  Alfa  Romeo  Aviazione.  It  is  a  low  cost  engine  of  800  SHF3  for  the  application 
on  a  10.000  lbs  take  off  weight  aircraft  jn  the  commercial  commuter  market. 

As  fig.  1  shows,  it  is  a  very  simple  engine  and  its  particular  components 
are  Unsigned  to  get  easy  maintenance.  I ts  major  modules  are  as  follows: 

-  epicycle  gear  box  including  the  lobe  axial  air  intake; 

-  single  stage  high  pressure  ratio  centrifugal  compressor; 

-  high  efficiency  low  pollution  reverse  flow  combustor; 

-  Integral  casting  two  stage  turbine. 

iron  the  firs. t  run.  Sept.  1077,  the  engine  has  totalized  800  hours  on  the 
ter  t  red  and1.')  flying,  hours-  on  a  Hcechcraft  King  Air.  Aerodynamic  Rig  (Turbine, 

' 'ornp  ressor ,  i  home  Tube)  and  Mechanical  Rig.s  (dear  Box,  Spin  Pit)  have  run  for  ma 
nv  and  many  hours,  to  support  the  development  of  the  engine. 

In  this  paper’  is  reported  the  work  done  on  the  turbine  both  on  the  cold 
rig  aril  on  the  engine. 


■  ' .  rv>ld  Rig  Test 

.  . 1  Test  Vehicle 

The  test  vehicle  was-  designed  to  ..imulate  the  turbine  *■<  »>  .■ 
dit.  ions  of  the  engine,  in  order*  to  optimize  Hie  relative  throat  is-  . 

7.  1  es  and  of  rotors  it  was.  provided  the  feature  to  vary  the  .  t  ig.e*  »• 
Mi'-  blades-.  The  material  selection  was-  made  to  got  the  turd  ire  t  •  * 
sions.  The  rig  is  sketched  in  fig.  s,  it  is.  important  to  erg ■  , 

chanicai  relation  adopted  to  facilitate  the  rep  1  .uaTi'-ii t  .d  ■ 

(blades  arid  discs).  It  is.  po:  ibie,  by  minor  changes  ,  t .  •  *. 

Ur*  two  stage  cr  >n  f  i  gu  ra  t  i  on  or-  in  the  single  stage  a  ■ 

stare).  The  mechanical  design  allows  zero  1 eakage  .  ndi- 
r-eu'i  i  red  . 
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.<•  tnie?  it;.'!  lmu 1  a  tor  Ut*-  enr  i  n>  •  ronhur  t.  i  o/»  rh  ijnb«-r  t-x  i  i.,  Th*-  ri>-  i  air, 

a  o'  ;  <•  ‘ aeoej  I  ft  if.  i  !!'■  p.  i  r t  :  f  r.  >m  ;  t-<  »•  ii  i«  - >  ion  .  t  .  m  la  rd  Jo  f  i  n  1  *.  i  ■ , . 

iht-  i  n.  l.  r:  smcti  i.t  t  i<  >ti  .  «•  it ■■  t  «•  ■  I  (  (  h«>wii  it.  Pip.  a)  war  •  i  j .  i  i  *  j  •  ,  ,« « - 1 
•  ■ .  «  r  i  :  ? ft  ■  i  i  M-  j  r  It  >  rn;  it  «■  ai  ;•  I  Mu  me  r  i  1  i  on  a  ■  :  i  m  \  i  •• !  i  it  ■  ,  ,  y.  .  :  - .  r 

i  1 .  !  I ■  1 .  i  i » ■  .  T!  if  [■}■<  •{  ♦  ; . i »  i  f !.  iii  Mif  i  n  I  i  1 1  in*-  t.  n-  n  •  f  ;  in¬ 


i'  :  it.,  - : 


1",  li,  .  f j .  u i 


At.  ia  l  ornate-  .  ii»  i  ic  jiii.  i  t.  ion  .  *.  .  ten,  i  no  i :  i:  i  vf  of  loo  j.fi-,  .  i  in 

'  t  »'«'.*■  ;  • .  ,  1  1*1  I  taMT;.  aa  >up  !  «•:  ,  .  Capao  i  taliee  probe;  ,  vii't’.ii  iun  pr.h  I  ,  '  '  i .  t  . 

•*.  i  i  v  r:i',!,i,|  t'oa  r.a-r"  t.  o  a  ]  loneywe  I  1  I  •  eompu  tf  r  ti  lowed  a  I  r  •  rrfopiit  ■. 

;  •  o  i  1  :  .  t.fLvniv  v:  t.  pr”dviced  to  perform  t !  i « •  data  .inu.yri  . 


t  Vi  -Ilf  !•  1  v.  ;  if  L  .  ;  tv 

The  facility  v;  a:  deripned  to  cover  (d  complete  ran, a-  of  AH  31  •'  '.or!  i 
e  v.'oi'kLn,’  coti,j.i  tionr  ti  <lifff  rc-n  t  Reynold:.  numberr,  allowlnp.  the  facility  or. 

I  ro  I  a  to  tutu  prer.  are  at  the  turbine  exit  up  to  0.1  ata.  The  mar.:  Plow  i 
rovi.if  1  by  a  two  otar.e  rcrc-w  comp  rer-ror  pivinp.  0.000  lin^/h  and  a  nr",  .  an* 
i*l.”  ”f  1.  .  it  i :  porrible  to  ret  any  combination  of  mar:  flow,  turbine  iruet 
re. ■."•ire  md  tempera  hire  with  a  fixed  exhaurt  preanure. 

I!  If  facility  hi:  the  capability  to  .•imulate  the  turbine  cool inp  by 
aiitifr.al  flaw.  i’f  p.u  i  ated  a.  a  percentage  of  tur'hino  main  flow.  A  r.chene  of 
be  facility  ir  rhown  in  fir.,  A.  The  turbine  ir.  connected  to  a  hir.h  rpoed  dyna 
.ome  ter  ( do*  »0{>  HI’M,  0*>0  ry )  that  allow;-  a  very  accurate  read  inp.  of  the  turbine 


1  e. •  *  f  rop.r  inme 

d.<  ;  ropr.-urune  v:a.*  arranged  to  inver -lira  to  different  i.remblier  to 

'.!  f  turbine  chara-  tori;  tie  related  to  the  enrine  pfiTonnancr. 

.'<«  tbit  Mil-  i -roy  r'.u'ime  war-  deve  1  open  a:.  con:a  ■  juoiice  of  the  rnpin* 
to  i'ct  the  bf.'t  turbine  and  comprer-.;or  matchinr.  In  the  table  l 
;  Mu-  turbiai  t»-rt  made  durinr  tli.a  AH  <!•••  Adv  inced  Demon::  t  rat  tor  i  to- 

ration  of  initial  onpire  tandard  turbine 


ca  i  i.b  ra  t  i  on  war  carried  out  for-  Jiff'  ;ejt.  peed  liner,  at  upor- 
'  i  .  S-  eyno  I  :  I .  rn  li  lt  r  . 

[  r.  fi»»i».  ’  ,  1  it  wa  r-fpor’.  rd  tin  ■■••mr-l.f !  mar:  flow  and  t..!if  t  ffi- 

i  \  i  function  of  the  rpfcifie  w«  *rk .  dn  i*e.  u  1  t.r  r.l  towed  a  dir^fVptn. 

en  i.  li*- ore  t  i  ca  I  and  experiment.!;  diia.  total  to  tola  e  f  f  a-  i  <  i  if  y 

wa  bii'bfr  than  tin-  pr-eli'.'e  j  i  v  .  ;  <  r‘,"ii'  ,  but  tin-  block  n--  \  i  n 

mv'-n-l  R.l.  ..  flow  war  pfia-ent  dow*;. 

/  .  wil  1  be  ;:liown  in  the  next  paracrapn  e  ii  !  n*  re-tuet  ion  -u  t  - 
d  mi'  :  flow  wa:.  f'ound  ana  1  V  •  •  in)*,  the  ‘-tliine  .  •  rr.’D  lli'r.  .*.o  1*  ./  i 
tl.at  the  tur-bine  war.  runnin.i’.  with  i  •'  *|  i  •  1  .  ■...■  ('  :*•  in  *  ,<  •  i  : 


J  ‘  'iii  ..I,  ic.  •  ■  i.<  TP)  ini'  i  i  ..  i 

i.-  '7.7.  \  y  \  i *  ck  1  i •  ■  ’  • 1 1'  -  r  .1  t.i, 


-i  1 ?  .  : ! .«  iiiL-r.-. 

«•  l h<  ■ 


••CM  I  i-  -  t  ’/.)«•  1  «  -JH  .  i 


the  |  •  i '« >i  t  e:-i .  Tii-  fir.  t.  « •  r .  •.  *  wa  :  < .  iii}--.*  m.< 
‘.lit  r -«  *  !  « - ;  i  j  -ac  i  tv  of  fir.  ».  :  .  i •  *.•  hoy.y.  ie.  ii.i*  »■*■* 

by  s»  - rod  man  i  c  :  *  ody  u.  in;*  ill  availahi«-  «Xf  •»  ri;r 
e  'ii  nT  i:!  « » i'  fir.  "  i.  r< *| -or !„<•■  1  the  r.itih  i  ■■  ■  fa  • 

«•  norr.-e  <'■  ij iae  i  tv  ,  < •  /a 1 1 i.i tv I  hy  the  « ju- •  t  i  < <r i : 


iir.  •  ■  •  t  a  i  i.  f  L  •.*  wo  rk  - 1 1  ■  i  the  oat.  Lma  ted  fir*.  ‘  ;  ♦  of  f  i  c  i  enn 

if.--  J  i  <••'  ram  .  !i"v/ri  fur  <il  the  nr.:  urne  !  firrt.  .fare  e  f  f  i  o  i  .■no 
me  a.  ir«u  work  ]  i  i  L  the  choke  I  no/.?.  I  e  w  a  1  the  :  i : ^ j  on***  It  w 

for  tin!,  o.i  l  cm  1  at  ion  the  theoret  iea  1  blockap.o  f  no.  for  for  both 
a  thore  iv.-ul  !:■  needed  tie-  air  flow  ter  t  "f  the  hozzler. 


•  ‘och  ;»  ter  t.  war  Oondue  tent  for  a  family  of  nozz  lor  with  nifforent 
'low  t;  i  rn*  • .  !  a  fir..  10  are  reported  the  correctu!  nrt:  flow.  ver  :nr 

.  io  uf  total  inlet  pre:  u  re  and  rtatic  exit  prerr.sjre . 

The  ourru  !  at  ion  between  tin  el\cki.np.  valuer  and  *  h»*  wat**r  f  1  uv.  *  i  • 
11)  ..bowed  the  capacity  of  nominal  throat  area  firrt  r.tare  nor.r  : . 
force,  i.  t  and  the  ured  h  1  ockape  factor:;  were  corrected.  Vliur.e  r*  ■.  a  .  • 
ied  Ur-  recond  r. tape  nozzle  capacity  war  not  proportionate  to  the  <•!'■ 
r  tare  v/urk  rplit.  A.  con;  enin  nee  tin*  turbine  ri.r  war  ar.:  emb  I  ed  w  i  * 1 

throat  area  for  the  fir.  t  nozzle  and  +  4t>  throat  :nvi  for  the  •  •••on 

r.  !  rn  <v.z  1  e  c  ap  uc  L  t r, 

The  cal  ii  ration  war,  carried  out  for  the  come  r.peed  l  iner  of  ppe- 
.er.fr .  ’i  hr.-  r<  :  o  1  tr  . -It  own  in  fir..  1  and  13  confirmed  the  validity  of 
r  hypnteri:  :  tin*  turbine  rut  the  predicted  ohokinr  capacity  with 
hanpo  ii ,  ef  i  !■>  j  level. 

The  v  parara- h.-r  value:;  were  compared  in  fir,.  14  for  the  three 
ied  araemh  1  1  e.  .  It  war  confirmed  the  arr-emhly  with  a  larro  recond  no; 
tlr  c  t  •  r  ree  t.  one. 

That  con  fi  pura  Lion  war  taken  on  the  AR  31.-  enrinc-  and  the  r  i  «»h  ■ 
ir  with  t)r  coriprer.ut*!'  war  rjl'i  t.a  ined . 

t, a.r.t •  ea  I  if  r.  i  i< j ri 

The  f  il  iliral.  iori  "f  the  norn  in. a  1  firrt  .  t.are  wa:;  perfoi'ined  to  e\'t~ 
f  tl.eia  w«  ia-  any  i  n  f.  •  r  ference  e  ffee  t'  he  fwe< -n  the  |'.ir;-.t  and  t.he  re- 

The  f'uultr  con  f  i  t‘ine*l  the  capacity  previoir  ly  f»>und  md  an  effi- 
ieve|  l.1  .  hirher  than  inivr  i,,t, 

r  nurnher  effect 

'ilu*  purpore  of  ruch  a  !.»•:  ■(,  w;ir  to  verify  the  Uienret  i*al  •<  tar  1  i 
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'  i-  v  ■»  1 1  urod  f  <  > r  the  inu'  itu-  ptrl'oiTrui'f  f  .»***•  i  i  «■ 1  cm.  '■<>  *bt* 

i!  !.  i'Utlc  chances  <‘ii  Mho  f.urbin*-  ehar  i*  *M  ri  ti**.  Vb  j  f  ;  * -*•  i'i.  *■  *<*r  . 
enpine  like  tin*  An  ri  do*  i  >*  j  it -•  I  for  Mi*-  '•*>rnn*- r«* i  i  irk*  *  *  h*  ■  i  . 

I'omnuii'r  plan**  it.:  v<  •  r  y  important  to  have  pool  i  *  i  - 1 1  •  ;.•■:*!  mri-air'*- , 
'.)  and  s  hen  Uic  cap  .1)  i  I  i.  tv  lu  pr**di'*T 

The  Reynolds  nirnher,  lefin**J  by  flu-  r<  !  a  •.  i  on  ; 


K=  f(ca) 


was  :  •  Lni  1 1  a  ted  1  •  v  v.iryinp  the*  pro.  .  ur«*  at  the  t.urhiri**  *  x  i  !  a  .  a  . 

Tho  minimum  Reynolds  number  tested  was  I.fKiOO.  Tie*  r«*.u!f.  v/.i  ;  i  . 

I'i,*. .  1*>  and  indicate  u  decrease  of  e  IT  i  o  i  one  v  mb  ma.  .  Mm.'.1  .;iU;  i  -  .m  M  : 

niintu.T ,  which  cri’ioai  value  war.  found  r*>  he  'unoi )b.  i'h  M  ..  *  in  iu . .*• 

•with  the  An  ley  and  Mathenson  theory  adopted  in  the  enrine  :<  r:  r:,  m<  : 
i  at. ion  f  Lp .  I'M 


3.  Knpinc  test: 


due  to  tho  difficulties  of  build  ij*  an  engine  I'u  i  J  v  in  f  r  .men  *  •  ••! 
to  read  all  the  turbine  par.ame tern  the  analysis  war.  made  usiin*  'Mipine  i-  r:'*>r- 
nance  diagnostic  computer  propr?unme.  The  paramo  terr.  v/erc  read  ,iu.  t  r.  mv"r- 
. ;  tape  .md  turbine  exit. 

Herewith  are  mentioned  the  enpine  ter.tr.  rc*  l  ative  to  th**  i  nv«*r.  t ;  ra¬ 
tion  on  cite  turbine  capacity,  first  stape*  rotor  tip  clearance,  i  j  t  i  *  ude  per¬ 
formance  . 


t )  Turbine* 


The  torts  were  made  building  two  on pines  with  different,  turbine  con 
figuration:;.  The  firrt  one  (nominal  nozzle:;  capacity)  pave  th«*  r.»me  indies- 
tionr.  obtained  on  the  cold  rip.  An  output  of  the  enpine  performance  diar.no- 
stic  propra/n  ir  roportod  in  table  It  allowed  a  turbine  canacltv  defect 
(-■■%). 

The  second  tort  (r.econd  .-.tape  nozzle  throat  ire  a  +4%)  cave  the  k*- 
r  ipn  capacity,  confirming  the  rip.  ter.t  result;  ,  a.  r.hown  in  fie.  !»■. 


b* )  Ho  tor 


e  1  c*  a  ranee 


The  firrt  r.tape  rotor  tip  clearance  war;  analyze*!  .just  on  the  ertpine 
becaur.e  experimental  data  correlatinp.  tip  clearance  and  of  f  ir*  i  cnev  on  the 
rip  were  already  available.  The  purpor.e  of  r.ucli  a  ter.t  was  to  verify  al.o  t 
method  of  the  rotor  .chrotid  cooltnp  to  reduce  it:;  the  thermal  <*xpan.  ion. 

it  wa:;  adopted  an  impingement  cooling,  method  showed  in  fir.  19  that 
pave  pood  rer.ulta. 

in  fip.  .0  are  reported  the  efficiency  level  versus  the  tip  eicarm 
ce  obtained  durinp  those  tent:;.  Mur. t  be  noted  the  rotor  tip  clearance  .ir 
estimated  lay  the  rotor  and  shroud  temperature:,  recorded  know! nr.  Uu-  material 
therma 1  expansion . 

c )A1 ti tude  test 


The  AH  31b  enpine  was  ter. ted  on  a  flyinp  ter.t  bed.  Some  of  the  i.e;  t 
points  obtained  durinp  the  flipht.  prop.r.immes  r.hown  in  fip.  .’1  are  compared 
with  the  performance  prediction:;  obtained  by  the  use  of  the  component,  chara¬ 
cteristic  up  to  date  as  consequence  of  the  components  rip.  testinp.  The  flipht. 
ter.t  programme  ir.  r. till  poinp  on  hut  those  first  results  seem  to  confirm 
what  was  understood  by  the  Reynold?;  number  investigation  on  the  component 
tests . 
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♦4%  first  stage  nozzle 
+4%  second  stage  nozzle 


Fig.  15 


□  with  impingement  cooling 
o  without  impingement  cooling 
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Fig. 19 
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Fig.  20 
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10000  Ft 

power  off  (eke  10  kW 
instillation  loss 
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niE  MECHANICAL  TESTING  OK  COMPRESSORS  AND  TURBINES 
FOR  AIRCRAFT  CAS  TU RHINE  ENGINES 
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SUMMARY 


Over  the  past  throe  decades,  great  advances  have*  occurred  in  t  hr 
theoretical  appraisals  which  can  he  made  ot  ^.is  turbine  engine 
components.  Nevertheless  the  amount  ol  mechanical  testing  done 
on  such  pieces  has  not  declined  but  has  become*  more  exten  ive  and 
detailed.  Major  rotating  components,  whose  failure  i potentially 
catastrophic  to  an  aircrait,  are  Lhe  concern  ol  much  ot  this 
testing,  which  is  aimed  at  proving  and  developing  the  mechanical 
strength  or  endurance  oi  the  piece. 

This  paper  briefly  review’s  the  principal  tests,  the  techniques  and 
some  ol  the  equipment  which  is  employed  at  Rolls-Royce,  Derby,  ior 
testing  compressor  and  turbine  components.  The  work  relates  to 
about  ten  different  engine  types,  including  the  RB  211  family  of 
engines,  and  to  both  civil  and  military  applications.  A  consider¬ 
able  amount  of  research  work  also  forms  part  of  the  activity. 


INTRODUCTION 

The  advent  of  the  computer  has  led  to  very  significant  improvements  in  the  theoretical  appraisal  which 
car.  be  made  ot  mechanical  designs.  This  has  not  however  led  to  an  overall  reduction  in  the  amount  of 
mechanical  testing  employed  on  gas  turbine  engine  components.  Indeed  the  use  of  alternative  materials 
and  more  omplex  designs,  more  stringent  safety  requirements  and  the  need  to  extend  fatigue  lives  has  led 
to  more  testing  being  required.  The  introduction  of  the  large  fan  engine  has  also  created  new  testing 
requirements  and  therefore  led  to  new  equipment  and  techniques. 

A  variety  of  tests  are  necessary  on  selected  components  from  one  engine  type.  Therefore  the  manu¬ 
facturer  of  a  wide  range  of  engines  must  be  equipped  to  test  very  many  different  types  of  component  in 
many  ways.  This  is  particularly  the  case  regarding  the  major  rotating  components.  The  RB  211  engine 
has  nineteen  rotating  discs  and  sets  of  blades  which  make  up  the  compressor  and  turbine  assemblies.  Some 
hundreds  ol  tests  have  been  carried  out  on  these  components  to  investigate  the  design  from  many  aspects. 

The  entry  ot  an  engine  type  into  service  does  not  mark  the  end  of  this  work  since  fatigue  lives  still  need 
cent  inning  and  extending,  tests  may  be  required  to  support  investigations  into  service  incidents  and  the 
possible  effects  of  changes  in  the  manufacturing  source  need  to  be  assessed. 

The  testing  currently  undertaken  at  Rolls-Royce,  Derby  relates  to  engine  types  ranging  from  those 
which  have  been  in  service  for  over  twenty  five  years  to  new  engines  which  have  yet  to  enter  service. 
Research  work  into  new  materials,  designs  and  methods  also  constitute  a  very  significant  part  of  the  work. 
About  one  hundred  and  fifty  results  are  obtained  annually  from  the  principal  tests  on  compressor  and  tur¬ 
bine  components.  Eight  test  facilities  are  available  for  this  work  and  these  are  in  use  for  twenty  four 
hours  a  day. 

This  paper  does  not  attempt  to  discuss  all  the  types  of  test  or  all  the  techniques  and  equipment  in  use 
but  gives  a  brief  account  of  the  principal  activities  and  associated  techniques  together  with  a  description 
of  a  major  test  facility. 

IKE  NEED  FOR  TESTING 


There  are  a  number  of  reasons  tor  the  mechanical  testing  of  compressors  and  turbines.  Not  only  does 
the  continued  functioning  of  an  aircraft  engine  -  and  possibly  therefore  the  safety  of  an  aircraf t-depend 
upon  the  structural  integrity  of  major  components  but  the  high  energy  of  the  fragments  resulting  from  the 
failure  of  a  component  rotating  at  speed  is  potentially  very  dangerous.  Demonstration  of  adequate  mech¬ 
anical  integrity  is  therefore  required  by  the  Safety  Authorities.  To  meet  this  requirement.  Overspeed, 

Bird  Ingestion,  Blade  Containment  and  Fatigue  testing  may  be  done  on  selected  components  or  assemblies 
from  the  compressors  and  turbines  of  an  engine. 

After  certification  the  use  of  alternative  materials,  new  suppliers  of  material,  different  manufactur¬ 
ing  techniques,  design  modifications  etc.  often  makes  further  testing  necessary  during  the  development  and 
service  phase  of  engines.  Another  major  requirement  for  mechanical  testing  may  stem  from  the  philosophy 
of  the  cyclic  fatigue  lifing  policy  which  can  depend  on  the  testing  of  ex-service  items  for  evidence  to 
enable  Increases  to  be  made  in  the  declared  service  life.  Research  into  design  innovations  for  future 
engines  such  as  the  use  of  new  materials  or  new  methods  of  construction  together  with  the  need  to  obtain 
information  to  support  future  theoretical  predictions  of  the  behaviour  of  components  under  load  also 
necessitates  mechanical  testing. 

In  order  to  be  able  to  Impose  and  control  the  conditions  necessary  for  the  proper  testing  of  components 
it  is  necessary  to  use  test  rigs.  Conditions  which  range  from  those  usually  encountered  in  an  engine  to 
those  applying  In  extreme  situations  such  as  blade  containment  can  thus  be  Imposed  on  components.  Such 


tests  are  quite  impractical  using  an  engine.  A  test  rig  oiiers  good  control  over  the  test  conditions  and 
gives  rapidly  obtained  and  relatively  inexpensive  results. 

SOME  PRINCIPAL  TYPES  OF  TEST 


1 .  Overspeed  Testing 

This  work  i>«  aimed  at  assessing  the  plastic  behaviour  and  the  ultimate  strength  of  compressor  or 
turbine  discs. 

It  consists  oi  running  the  test  assembly  at  maximum  engine  speed  and  above  and  recording  the 
permanent  strain  corresponding  to  those  speeds.  The  purpose  of  the  test  is  to  demonstrate 
whether  the  growth  ol  the  component  is  acceptable  up  to  the  overspeed  condition  stipulated  by 
the  Satety  Authorities.  The  test  may  be  continued  to  the  failure  of  the  components  for  further 
inf ormat ion. 

Prior  to  test  the  mechanical  properties  of  the  test  piece  are  compared  with  the  minimum  spec i f icat ion 
properties  tor  the  material  and  the  test  speeds  are  factored  accordingly.  In  this  way  the  weakest 
disc  which  may  be  manufactured  to  that  design  is  cleared  by 

The  component  is  tested  tor  five  minutes  at  each  of  the 
selected  test  speeds  and  is  then  dimensionally  inspected 
in  order  to  measure  any  permanent  strain.  The  test  may 
be  terminated  before  failure  of  the  disc  following  an 
examination  of  the  dimensional  changes.  This  type  of 
test  may  be  on  a  single  disc  or  on  an  assembly  of  discs  - 
such  as  a  compressor  drum.  Such  an  assembly  offers  a 
very  representative  test  since  interstage  spacer  loads  are 
fully  represented  and  with  care  a  number  of  the  discs  which 
make  up  the  drum  may  be  evaluated  simply  by  removing  the 
blades  from  each  disc  when  it  is  evident  that  a  reduction 
of  load  is  necessary  if  a  burst  disc  is  to  be  avoided. 

The  remaining,  bladed,  discs  may  then  be  tested  further. 

2 .  Fatigue  Testing 

The  determination  of  the  safe  cyclic  fatigue  life  of 
components  is  a  major  testing  activity.  Safe  operation, 
adequate  spares  provisioning  and  economic  operation  of 
gas  turbine  engines  can  only  occur  if  the  necessary 
replacement  intervals  of  components  are  first  established. 

Testing  allows  such  lives  to  be  predicted.  Fatigue 
testing  is  also  a  valuable  design  aid  in  that  Stress 
vs  Endurance  Curves  for  new  materials  may  be  determined 
from  components  subject  to  a  representative  stress  field, 
and  changes  in  disc  or  blade  geometry  or  alternative 
manufacturing  techniques  can  be  evaluated  both  qualitati¬ 
vely  and  quantitatively.  It  is  important  that  components 
which  are  used  for  test  fully  represent  those  components 
whose  service  fatigue  life  is  to  be  established.  This  not  only  applies  to  the  design  of  the  com¬ 
ponents  but  also  to  the  manufacturing  processes,  so  that  the  geometry,  metallurgy,  surface  finish 
etc.  are  all  representative. 

The  tests  basically  consist  of  accelerating  the  component  from  a  low  speed  to  a  speed  chosen  to 
generate  a  required  stress  level  within  the  component  and  then  reducing  the  speed  to  the  low  level. 
One  fatigue  cycle  is  thus  imposed  on  the  component.  The  test  is  conducted  at  a  temperature  which 
is  consistent  with  the  engine  condition  to  be  represented.  Many  thousands  of  fatigue  cycles  may  be 
imposed  on  the  component  before  the  first  evidence  of  cracking  occurs.  Further  testing  may  then  be 
done  in  order  to  investigate  the  design  of  the  component  with  regard  to  crack  propagation. 

Consideration  of  the  speed  and  temperature  conditions  to  which  compressors  and  turbines  are  exposed 
within  an  engine  usually  indicates  the  need  for  more  than  one  test  in  order  that  the  life  of  a  disc 
be  properly  evaluated.  For  instance  the  peak  cyclic  stresses  in  either  the  rim  or  the  bore  of  the 
disc  may  limit  the  fatigue  life  of  the  component  and  a  test  would  then  be  required  for  each  area.  In 
order  to  generate  the  desired  stress  range  in  those  areas  of  the  disc  two  quite  different  tests  may 
be  necessary.  As  an  example,  the  rim  test  would  require  blades  to  be  fitted  to  the  disc  and  may  be 
run  close  to  the  relevant  engine  speed  and  temperature,  but  a  test  on  the  bore  of  the  disc  may  not 
have  blades  fitted  and  would  then  be  run  at  a  much  higher  speed  and  probably  at  a  different  temper¬ 
ature  . 

The  predominant  stress  cycle  is  usually  at  aircraft  take  off  conditions,  other  points  in  a  service 

-  cycle  either  giving  no  or  negligible  fatigue  damage  or  else  being  accounted  for  in  the  interpretation 

of  the  results  of  the  test. 


the  test. 


In  order  to  cater  lor  the  scatter  which  occurs  in  the  fatigue 
properties  ot  a  material  the  stress  range  may  be  factored  up 
from  that  predicted  within  the  engine,  or  the  resulting  file 
found  from  the  test  is  factored  down,  or  a  combination  of 
these  approaches  may  be  used.  The  result  of  the  test  is 
interpreted  using  the  assumption  that  the  sample  tested  is 
the  best  specimen  of  those  which  it  represents.  More  than 
one  sampLe  may  be  tested  in  which  case  the  best  test  result 
can  be  used. 


TEST  RESUl  T 


OVERSTRESS 


RESUl  T  OF 
TEST  AFTER 
ALLOWANCE 
IS  MADE  FOR 
1  SCATTER 


To  achieve  the  correct  stress  in  the  part  of  the  component  ^  SCATTER 

under  test  it  may  be  necessary  to  test  an  assembly.  In  that 

way  the  inf  luence  of  adjacent  discs  on  the  stresses  in  ^ 

spacers  can  be  achieved  and  the  spacer  loads  can  be  correctly  9  '  J 

imposed  on  a  disc.  It  may  also  be  expedient  to  test  an  7m 

assembly  in  order  to  rapidly  identify  highly  stressed  areas.  STRESS 

Such  areas  can  then  be  further  assessed  by  tests  designed  AT^  RESULT 

specifically  around  that  part  of  the  assembly.  Alternatively  _c.|.IDCr. 

,  .  .  ,  ,  ,  ntUUInfcU 

a  single  disc  may  be  adequate  for  the  purpose  of  the  test.  STRESS 

It  is  conroon  practice  to  modify  test  component^  however, 
whether  single  discs  or  assemblies,  such  that  the  purpose  of 
the  test  can  be  achieved.  For  example  the  rim  features  of 
a  disc  might  be  cut  off  so  that  they  do  not  limit  the  testing 

ot  the  disc  bore.  A  test  on  the  rim  features  of  a  disc  *■  ^  1.  — 

however  would  require  blades  to  be  fitted  to  the  disc.  ~ 

LIFE 

These  usually  are  dunmy  blades,  made  specially  for  test 
purposes  and  featuring  a  simple  block  of  metal  in  place  of 
an  aerofoil.  Such  blades  can  easily  be  designed  to  give 
the  required  rim  Loading,  they  reduce  the  power  required 

to  rotate  the  disc  thus  shortening  the  test,  and  also  offer  an  advantage  in  the  control  of  the  test 
temperature . 

Fatigue  tests  are  done  incrementally.  After  each  increment  the  component  is  fully  inspected,  by 
various  techniques,  for  cracking  or  for  the  extension  of  cracking.  Other  damage  may  occur  such  as 
the  fretting  of  blade  fixings  and  fatigue  tests  can  provide  a  convenient  vehicle  for  the  assessment 
of  treatments  to  prevent  this. 

bird  Ingestion  Testing 

The  purpose  of  bird  ingestion  testing  on  a  test  rig  is  to  investigate  the  effects  on  engine  components 
of  an  impact  by  a  bird.  This  usually  is  either  for  investigative  development  work  or  for  engine 
certification  by  single  bird  impact.  Multi  bird  impact  certification  testing  is  done  using  an 
engine . 

Bird  impact  damage  is  usually  confined  to  the  front  stage  or  stages  of  the  compressor  section  of  the 
engine.  On  large  modern  civil  aircraft  engines  such  as  the  RB  211  type,  the  LP  compressor  (or  fan) 


engine.  On  large  modern  civil  aircraft  engines  such  as  the  RB  211  type,  the  LP  compressor  ( 
is  the  component  most  exposed  to  bird  strike.  Such  a  component  may  be  tested  in  two  ways:- 


(a)  The  complete  fan  assembly  can  be  rotated  in  the  test  rig  and  the  bird  fired  at  aircraft 
forward  speed  into  the  blade. 


(b)  A  single  blade  can  be  mounted  and  rotated  in  the  test  rig  and  the  bird  dropped  under  gravity 
into  the  path  ot  the  blade.  Adjustment  to  the  blade  incidence  and  rotational  speed  is 

necessary  to  achieve  the  correct  relative  velocities. 


The  first  meLhod  fully  represents  the  service 
situation  and  is  used  tor  Certification  Clearance 
testing  but  the  second  method  is  cheaper  and 
offers  advantages  lor  analysis  ot  the*  event.  The 
test  is  observed  using  high  speed  cine  cameras. 

The  radius  at  which  the  bird  is  ingested,  the 
bird  speed  and  weight,  and  the  rotational  speed 
of  the  rotor  are  all  possible  vari^oles,  buL 
testing  is  usually  at  the  most  adverse  conditions 
fur  t tit  weight  of  bird  under  consideration. 

The  result  of  such  a  Lest  may  extend  to  permanent 
distortion  of  the  blade  leading  edge  or  in  an 
extreme  case  to  failure  of  the  aerofoil. 


FAN  BLADE 
AFTER  BIRD 
IMPACT 


Blade  Containment  Test. im; 


It  is  necessary,  in  the  event  o!  the  release  of  a  compressor  or  turbine?  blade,  to  demonstrate  that 
the  debris  will  be  contained  within  the  engine. 

The  strength  ot  casings  in  this  respect  can  often  be  saLisf actorily  demonstrated  by  calculation  and 
from  experience  but  it  this  is  not  possible,  as  tor  example  in  the  case  of  the  use  of  a  new  contain¬ 
ment  material  -  then  testing  is  necessary. 

Recent  work  at  Rolls-Royce,  Derby  has  been  directed  at  investigations  into  the  containment  aspects 
of  fan  blades  tor  the  RB  Jll  series  of  engines.  Such  tests  involve  the  mounting  of  the  containment 
casing  around  the  fan  assembly  within  the  Lest  rig  and  the  blade  is  released  at  the  required  test 
speed.  Great  care  must  be  taken  to  ensure  the  best  simulation  of  the  engine.  The  position  of  Lho 
blades  relative  to  Lho  casing  must  be  correct  at  the  test  speed  under  vacuum  conditions;  the  rotor 
assembly  must  be  built  to  a  representative  standard;  temperature  conditions  must  be  correct  if  thi 
i  a  significant  aspect  and  the  casing  must  he  properly  mounted. 

Because  ot  their  nature,  these  tests  are  very  destructive  and  expensive.  On  large  components,  blade 
oti  loads  are  very  high  (e.g.  70  tonf )  and  damage  to  the  test  facility  can  be  significant. 

Analysis  ot  the  cine  films  taken  during  the  test,  together  with  a  detailed  examination  of  the  damaged 
component s ,  yields  valuable  information.  Those  areas  ot  the  blade  which  cause  most  damage  to  the 
containment  ring  can  be  identified  and  assessment  can  be  made  ot  the  energy  of  any  pieces  escaping 
from  the  containment  area. 


TEST  CHAMBER  AFTER 
CONTAINMENT  TEST 


FAN  BLADE  AFTER 
CONTAINMENT  TEST 


THE  TEST  FACILITIES 


The  Lest  facilities  at  Derby  are  varied  in  their  type  and  all  the  compressors  and  turbines  from  Derby 
based  engines  can  be  tested,  either  as  full  assemblies  or  as  sub  assemblies.  The  various  requirements  of 
the  tests  calls  for  different  test  rig  designs  but  some  features  are  contnon  to  the  eight  test  rigs.  They 
all  are  electrically  powered  and  employ  electrical  braking  and  the  test  chamber  can  be  evacuated  ot  air. 
There  are  two  principal  types  of  rig. 

TYPE  1 


Those  rigs  having  a  short  'rigid*  final  drive  shaft  carrying  the  test  assembly. 

The  first  fundamental  whirling  frequency  of  these  rigs  is  intended  to  exceed  the  tost  speed  range. 
This  type  of  rig  is  used  for  tests  on  short  assemblies  having  an  approximate  length  to  diameter  ratio  of 
less  than  0.5.  They  are  also  the  rigs  used  for  tests  where  the  centre  of  rotation  of  the  assembly  must 

be  constrained  or  where  large  unbalanced  loads  may  occur  -  as  for  instance  -  on  bird  ingestion  or  blade 
containment  tests. 


TYPE  2 


Those  rigs  having  a  vertical  •flexible*  final  drive  shall  carrying  the  test  assembly. 

The  first  fundamental  whirling  speed  o£  these  rigs  is  very  low  and  the  test  speed  ranges  are  intended 
to  lie  between  the  first  and  second  fundamental  frequencies.  Test  assemblies  having  a  high  length  to 
diameter  ratio  can  be  accommodated.  This  allows  for  the  testing  of  complete  compressor  drums  which  may 
have  a  length  to  diameter  ratio  up  to  3. 

These  rigs  are  primarily  used  for  fatigue  testing  or  overspeed  testing  where  no  large  unbalanced  loads  are 
expected . 


Many  different  types  of  engine  generate  a  wide  variety  of  test  assemblies.  These  may  be  summarised  as 
follows. 


— 

COMPONENT 

POSSIBLE  NUMBER 

OF  STAGES  IN 

TEST  ASSEMBLY 

APPROX . 
DIAMETER 

RANGE 

APPROX. 

LENGTH 

RANGE 

TEST  SPEED 
RANGE 

Fan 

1 

74”  to  84” 

8"  to  10" 

0-5000  r.p.m. 

Comp  ressor 

1  to  12 

8"  to  4'3" 

i"  to  50" 

0-25000  r.p.m. 

Turbine 

1  to  3 

9"  to  46" 

1"  to  14" 

0-25000  r.p.m. 

The  range  of  rigs  which  are  available  ior  testing  such  components 
include  four  rigs  of  type  1  and  four  of  type  2.  The  rigs  are 
generally  capable  of  speeds  in  excess  of  25000  r.p.m.  and  motor 
powers  of  up  to  1000  HP  are  used.  Although  the  test  chamber  is 
usually  evacuated  of  air  -  and  most  tests  are  carried  out  at  a 
vacuum  of  25  torr  or  less  -  in  order  to  reduce  the  power  required 
to  revolve  the  disc  and  also  to  minimise  dynamic  heating  effects, 
the  large  motor  powers  are  still  required  in  order  to  provide  a 
rapid  rate  of  speed  cycling.  Cycle  times  vary  according  to  the 
required  speed  range,  the  gear  ratio,  the  Level  of  vacuum  employed 
and  of  course  the  inertia  of  the  test  assembly  but  they  can 
usually  be  completed  within  10  seconds  for  small  assemblies  to 
r*0  second*-  for  fan  assemblies.  Dwell  times  at  Lop  speed  can  be 
applied  if  necessary  for  the  investigation  of  creep  phenomena. 

Most  of  the  rigs  can  be  tit  ted  with  slip  rings  for  use  with 
s traingauge  !  or  thermotoup led  Lest  assemblies. 

The  test  chambers  of  the  rigs  are  lined  with  containment  material 
both  to  protect  tin-  vacuum  chamber  from  damage  in  the  event  of 
a  disc  failure  and  also  to  minimise  secondary  damage  to  the  disc 
fragments.  The  fracture  faces  of  a  piece  of  disc  can  yield 
valuable  Information  on  the  reason  lor  the  \ allure.  This  con¬ 
tainment  material  usually  takes  the  form  of  aluminium  blocks, 
but  other  materials  such  as  sand  has  been  used.  The  energy 
released  following  the  failure  of  a  disc  is  very  great  and  large 
pieces  of  <1 1  sc  s  can  penetrate  steel  plates  to  a  great  depth. 
Precautions  were  taken  during  the  design  of  the  rigs  to  reduce 
the  risks  of  explosion,  such  as  could  occur  following  the  loss 
of  oil  into  the  test  chamber  during  a  test  at  high  temperature, 


TYPICAL  TEST 
ASSEMBLIES 


pi'iH  oduro  s  are  operated  in  order  to  LOt*l  Lhe  rigs  be  tore  admitting  fresh  air  (oxygen)  to  the  test 
chamber  at  the  end  ot  ,t  test  increment. 

All  the  rigs  are  fitted  with  duplicated  speed  muni  Lor  mg  equipment  which  incorporates  an  overspeed 
detector  to  minimise  the  consequences  ot  electrical  control  failure.  The  speeds  can  be  manually  con¬ 
trolled  tor  non  cyclic  testing  or  the  rigs  can  be  set  to  cycle  automatically  between  predetermined  speeds. 
One  major  test  taciUty  incorporates  both  the  characteristics  oi  Type  1  and  Type  2  designs  and  can 
accommodate  components  of  at  least  huh.  -  diameter.  It  t  an  he  used  in  .  tout  igur  at  ions. 


It  sau  !.e  seen  that  alternative  covers  are  used  lor  the  test  chamber,  which  i  .  some  U  feet  in  diameter. 
Otn  cover  carries  the  gearboxes  and  drive  system  used  with  the  1000  UP  (Type  2 )  irive  and  the  other  cover 
is  a  plate,  which  is  fitted  with  the  mounting  features  required  lor  cine  cameras  and  the  bird  ingestion 
equipment,  and  which  incorporates  glass  windows.  The  bottom  drive  shaft  is  capable  ol  speeds  in 
excess  ot  7,000  r.p.m., is  approximate iy  8  in.  diameter, and  must  withstand  the  loads  imposed  following  the 
roUa'-c  ot  a  tan  blade.  The  out  ol  balance  loads  following  such  an  event  can  be  as  high  as  100  tonf. 

The  top  drive  shaft  is  approximately  1.75  in.  diameter  and  passes  Lhrough  a  damper  fitted  below  the 
U-.ir im:;..  The  damper  serves  lo  limit  the  excursion  of  the  shaft  when  the  speed  passes  Lhrough  the  first 
critical  speed.  No  large  imbalance  loads  are  anticipated  In  the  design  oi  the  top  drive,  which  is 
capable  of  speeds  in  excess  of  25,000  r.p.m.  The  test  chamber  may  be  evacuated  down  to  about  5  torr, 
at  which  vacuum  level  less  than  200  HP  needs  to  be  delivered  in  order  to  spin  a  RB  211  size  fan  at 
$40(J  r.p.m.  The  control  room,  which  is  remotely  situated  ior  safety,  contains  all  the  necessary  instrum¬ 
entation  and  Thyristor  equipment  is  used  for  motor  control.  Duplicated  speed  monitoring  is  provided  on 
the  final  drive  tor  both  configurations  and  the  time  for  one  revolution  of  the  bottom  drive  can  be 
me a  sured . 

Th.jT  1  EC  UNIQUES 

HEATING 

Testing  ot  components  at  elevated  temperature  usually  requires  the  provision  of  heating  equipment, 
although  dynamic  heating,  particularly  when  engine  blades  are  used,  may  be  sufficient  to  achieve  the 
required  temperature.  The  distribution  of  temperature  is  also  important  and  dynamic  heating  alone  offers 
little  or  nor  controL  over  this  aspect.  Simple  electrical  resistance  heaters  are  therefore  frequently 
used  either  to  improve  the  distribution  of  heat  input  or  also  to  further  elevate  the  temperature  of  the 
Lest  assembly. 

The  heaters  are  mounted  around  the  test  assembly  and  separate  control  of  individual  heaters  is  pro¬ 
vided.  In  this  way  the  test  assembly  can  easily  be  heated  uniformly  but  if  large  temperature  gradients 
are  required  then  heat  shields  or^cooling  equipment  is  provided.  Testing  at  temperatures  up  to  650  C  Is 
usual  and  thermal  gradients  of  20  G  per  inch  can  also  be  achieved  in  this  way.  Larger  gradients  require  a 
more  localised  and  potent  technique  and  then  eddy  current  equipment  is  installed.  The  use  of  electrical 
resistance  heating  which  is  cheap  and  reliable,  limits  the  vacuum  level  in  the  test  chamber  to  about 
25  (torr).  At  higher  vacuum, dif f iculties  can  occur  with  the  electrical  insulation. 

TEMPERATURE  MEASUREMENT 

Accurate  temperature  measurement  poses  a  real  difficulty  on  this  work.  The  ideal  method  would  be  to 
attach  thermocouples  to  the  test  assembly  and  hence  directly  monitor  the  temperatures.  However,  this  is 
impractical  since  welding  to  fatigue  specimens  is  unacceptable,  and  whilst  adhesive  bonding  can  be  used, 
it  is  frequently  not  a  viable  technique  in  view  of  the  timescales  in  which  the  test  must  be  done.  Various 
alternative  methods  have  been  explored  and  the  currently  used  technique  employs  the  following  temperature 
sampling  approach.  Thermocouples  are  mounted  in  fixed  positions  around  the  test  assembly  and  other 
thermocouples  are  provided  which  can  be  brought  into  contact  with  the  test  assembly.  The  assembly  is 
rotated  at  a  steady  speed  and  heat  applied  until  approximately  the  required  temperature  is  achieved.  This 
Is  indicated  by  the  fixed  thermocouples.  Those  conditions  are  then  maintained  for  2  to  3  hours  until  it 
is  considered  that  temperature  changes  within  the  assembly  have  ceased  and  that  it  is  'heat  soaked*.  The 


assembly  is  then  rapidly  stopped  ami  the  heaters  turned  ot I .  The  movable  thermocouples  are  brought  into 
contact  with  the  test  assembly  and  their  output  recorded.  Analysis  of  this  output  is  then  made  and  after 
correcting  tor  certain  known  losses,  the  temperature  ot  the  Lest  piece  is  derived.  If  necessary  Lhe 
process  is  repeated  using  difterent  heat  inputs  until  the  required  test  temperature  is  achieved.  The 
fixed  thermocouples  are  then  used  for  temperature  monitoring  during  test.  Whilst  this  procedure  is 

lengthy  -  some  eight  or  ten  hours  may  be  required  to  establish  the  required  temperature  when  lirst  starting 
a  test,  Lhe  technique  offers  a  reasonable  accuracy  and  Is  relatively  .simple. 

Nevertheless  a  technique  offering  a  constant  and  direct  temperature  measurement  ol  the  test  assembly 
is  still  desirable  in  order  to  reduce  costs.  Development  is  in  hand  ot  pyromclry  equipment.,  for  this 
purpo so . 

CRACK  INSPECTION 


Fatigue  testing  is  basically  directed  at  establishing  the  life  to  the  first  cracking  of  a  component. 
It  is  clearly  implicit  in  such  testing  that  frequent  and  detailed  inspection  lor  cracks  must  be  done. 

All  components  are  inspected  as  part  of  the  testing  procedure  not  only  after  increments  of  testing 
but  also  before  test.  WhiLst  new  components  are  crack  inspected  as  part  of  the  manufacturing  process, 
it  has  proved  valuable  to  repeat  this  process  with  the  equipment  and  personnel  who  will  subsequently 
inspect  the  test  pieces  after  testing.  In  this  way,  qualitative  inspection  comment  and  continuity  of 
knowledge  on  the.  component  is  achieved. 

Test  pieces  have  a  binocular  inspection,  at  up  to  X30  Magnification,  over  all  their  surface  but  with 
particular  reference  to  the  test  area.  Supporting  technique  include  eddy  current , ultrasonic,  and 
penetrant  dye  inspections.  All  detects  or  indications  of  possible  defects  are  recorded  at  each  inspect¬ 
ion.  The  etching  of  components  in  order  to  improve  the  quality  of  the  inspection  must  be  used  with 
discretion.  Components  which  have  been  subjected  to  fatigue  can  have  their  lives  prolonged  if  fatigue 
damaged  material  is  removed  by  etching.  In  a  similar  way  etching  should  not  be  done  on  test  surfaces 
which  have  a  certain  treatment  such  as  vapour  blasting.  Inspections  of  the  component  are  sometimes  done 
whilst  it  is  still  fitted  to  the  test  rig.  One  technique  that  has  been  used  in  this  way  consists  of 
introducing  a  penetrant  dye  to  the  surface  of  the  rotating  test  piece.  Thus  a  crack,  which  may  be 
tightly  closed,  when  the  component  is  stationary,  can  be  identified  for  subsequent  investigation. 

BIRD  INGESTION 


As  referred  to  earlier,  bird  ingestion  tests  may  be  on  a  single  blade  or  on  full  disc  assemblies  of 
blades.  In  both  cases  a  real,  or  gelatine  dummy,  bird  must  be  introduced  into  the  path  of  rotation  of  the 
test  piece.  With  the  single  blade,  the  bird  is  dropped  under  gravity  from  a  suspension  filament  severed 
by  a  detonator.  For  the  full  assembly,  the  bird  is  fired  by  air  pressure  from  a  gun  following  the  bursting 
ot  a  diaphragm.  Accurate  coordination  of  the  bird  release  with  the  lighting  and  camera  operation  and  the 
rotational  position  ot  the  rotor  is  essential  on  single  blade  tests  and  desirable  on  full  assembly  tests. 

This  is  achieved  using  a  probe  which  signals  to  electrical  timer  boxes  each  revolution  completed  by  the  shaft. 
Wit!;  this  equipment  an  event  can  be  initiated  within  +15  of  any  point  during  rotation  ol  tlu*  assembly 
at  4000  r.p.m.  and  the  subsequent  events  filmed  on  cameras  operating  at  up  to  9,000  frames  per  second. 

BLADE  CONTAINMENT 

As  with  bird  ingestion  tests,  the  coordination  of  the  test  is  very  important  and  similar  equipment 
is  used.  In  this  way  the  position  for  blade  release  can  be  selected  and  the  events  filmed.  The  position 
lor  blade  release  is  generally  governed  by  the  placing  of  the  fixed  windows  through  which  the  events  are 
I  i  lined  *  Optimum  camera  coverage  is  required  and  so  the  event  is  planned  to  occur  in  view  of  the  principal 
tameras.  In  order  to  improve  the  quality  of  the  photography,  careful  attention  is  paid  to  the  painting 
i! I  tlu  test  assembly  and  the  test  chamber  itself,  and  the  blade  to  be  released  is  painted  in  sections  such 
that  its  behaviour  can  be  more  easily  analysed  from  the  films. 

V.i.i'-n;  l  et  hii  i  r  ue-.  have  been  used  in  order  to  release 
blade  I  nvf.  rot.  at  in,,  assemblies.  These  include  the 
original  |  rue  Lite  ol  simply  weakening  the  blade  such  that 
it  would  be  ‘-tressed  to  its  ultimata*  load  at  the  test 
speed  and  .i  technique  whereby  weakened  blaies  ol  suitable 
uLerial  could  be  lieaLed  electrically  at  the  Lest  speed  in 
order  to  depress  the  ultimate  strength  ol  the  material. 

N<- it.  her  ol  these  approaches  caused  the  blade  to  hi*  released 
at  a  predictable  time  and  were  unsuitable  for  LesLs  which 
required  detailed  analysis  ol  the  resuLts  such  as  could 
only  be  achieved  using  high  speed  cine  filming.  The 
technique  currently  used  for  blade  release  consists  of 
weakening  the  relevant  area  ot  the  blade  such  thaL  at  the 
test  speed  it  is  stressed  to  95 %  of  its  actual  ultimate 
stress.  Explosive  detonators  are  fitted  within  this 
highly  stressed  area  and  are  fired  electrically  once  the 
test  speed  has  been  achieved.  This  technique  is  use. I 
when  the  blade  is  to  be  released  from  the  shank.  It  is 
this  area  where  sufficient  material  is  uvaiLablc  for  this 
approach.  If  the  blade  is  to  be  released  l rom  the 
aerofoil  then  an  alternative  technique  involving  an 
explosive  fuse  is  used.  It  is  this  latter  method  which 
ls  used  with  Lhe  hollow  tan  blade  which  is  currently  under 
development  at  Rolls-Royce. 


DETONATORS  FITTED 
TO  MODIFIED  BLADE 


FUTURE  TRENDS 


Major  advances  in  the  techniques  and  equipment  used  on  this  testing  have  been  made  in  the  past  thirty 
vears.  These  have  been  necessary  in  order  to  keep  abreast  of  the  use  oi  new  materials  and  designs  and 
also  to  s.itiMy  the  need  lor  more  reliable  and  accurate  test  evidence.  Further  advances  can  still  be 
made  by  refining  existing  techniques  and  also  by  developing  new  ones. 

One  concern  where  a  relatively  new  test  requirement  has  led  to  a  developing  technique,  is  that  of 
high  cycle  tatigue  damage.  Only  low  cycle  fatigue  work  has  been  previously  discussed,  but  high  cycle, 
or  vibration,  damage  can  also  occur  in  engines  due  to  aerodynamic  excitation.  A  cross  wind  situation  is 
<1  good  example  of  such  an  excitation  relating  to  fan  blades.  The  current  approach  for  this  type  of  test 
is  to  mount,  adjacent  to  the  test  blades,  fixed  plates  with  apertures.  As  the  blades  rotate  and  pass  the 
apertures  an  aerodynamic  excitation  occurs  and  adjustment  of  the  vacuum  level  and  other  parameters  can  be 
made  so  as  to  achieve  the  desired  stress  levels.  Discs  have  been  similarly  tested  by  arranging  discrete 
jets  of  air  to  impinge  on  the  disc  rim.  This  approach  has  so  far  proved  satisfactory  but  alternative 
techniques,  such  as  mechanical  excitation  methods  are  under  consideration. 

A  second  important  development  in  this  area  of  testing  is  likely  to  be  aimed  at  imposing  a  better 
low  cycle  fatigue  test  by  not  only  cycling  the  speed,  but  also  by  cycling  the  temperature  of  the  disc. 

The  lull  stress  range  experienced  by  the  disc  in  an  engine  would  thus  be  represented.  The  principal 
difficulty  with  this  approach  is  that  of  cooling  the  Lest  assembly  sufficiently  quickly  to  give  a  practical 
test. 

Other  developments  are  likely  to  include  changes  to  the  method  of  temperature  measurement  by  the 
introduction  of  pyrometry  and  fibre  optic  equipment,  and  the  establishing  of  acoustic  emission  as  a 
regular  inspection  tool.  Work  on  both  these  techniques  is  in  hand. 

In  general,  mechanical  testing  will  continue  to  be  required,  not  only  in  support  of  theoretical  work, 
but  also  to  help  resolve  those  problems  which  are  not  amenable  to  solution  by  calculation. 


ARRANGEMENT  OF  HEATERS  AND 
THERMOCOUPLES  AROUND  TEST  ASSEMBLY 


GENERAL  VIEW  OF  TEST  ASSEMBLY 
ABOUT  TO  HE  LOWERED  INTO  TEST 
CHAMBER 


DISCUSSION 


;;  i 


I)  K  Heniu'ke.  Mil  M  UCIlchcM.  (  iC 

N  on  nielli ion  cd  l luit  >ou  simulate  the  thermal  loads  * m  the  turbine  disks.  Does  that  mean  lliat  \on  impose  the 
proper  tenipeialure  gradients  during  your  tests,  and.  in  particular,  do  you  also  mu  transient,  i.e.  cyclic  thermal 
tests  ’ 

Author's  Keplv 

In  some  cases  it  is  essential  to  represent  thermal  gradients  <  for  example,  the  bores  of  nickel  alloy  turbine  discs). 

It  is  not  practical  to  represent  thermal  transients,  the  cooling  time  is  too  long.  Ihc  effect  ol  the  thermal  transient 
san  be  simulated  by  adjustment  of  the  cycling  speed  range,  or  In  correction  in  the  calculations 
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SUMMARY 

This  paper  will  discuss  the  tests  required  to  qualify  helicopter  transmission  in 
conformity  with  the  current  civil  and  military  requirements,  the  tests  to  be  conduc¬ 
ted  for  initial  development  and  pre-qualification  as  the  tests  essential  to  guarantee 
a  satisfactory  maturity  of  the  product  being  released  for  service. 

The  discussion  shall  stress  the  features  of  each  test  technique  and  their  signify 
cance  under  the  various  phases  of  the  program. 

Moreover  the  use  of  ground  test  vehicles  and  intensive  flight  testing  will  be  poj^ 
nted  out  with  particular  emphasis. 

The  paper  shall  also  cover  the  techniques  used  to  assure  an  adequate  degree  of 
confidence  to  the  information  obtained  from  the  various  experimental  ion  5 


INTRODUCTION 


The  maintenance  cost  of  a  helicopter  drive  system  is  about  25*30"  of  the  total 
maintenance  cost.  This  cost  represents  a  significantly  high  incidence  in  the  life  cycle 
cost  of  the  helicopter  and  must  be  carefully  evaluated  because  in  the  next  years, 
other  parts,  such  as  hubs,  blades  and  controls,  will  i>e  less  expensive  because  of  the  appli¬ 
cation  of  new  and  sophisticated  technologies. 

In  addition  to  new  design  criterias  and  new  materials,  in  the  future  it  will  be 
necessary  to  plan  precise  test  programs  designed  to  improve  reliability  and  thus  reduce 
the  drive  system  maintenance  cost. 

The  purpose  of  this  paper  is  to  describe  those  tests  necessary  to  obtain  both  a 
high  level  of  reliability  while  satisfying  existing  requirements. 

The  test  philisophy  described  in  this  paper  is  currently  in  use  at  Agusta  for  the 
development  of  new  drive  systems. 


TEST  REQUIREMENTS 

In  Italy  the  current  practice  is  to  apply  for  the  qualification  test  under  the  fo± 
lowing  US.  regulations  : 

Military  Civil 

MIL-T-8679  FAR  27 

MIL-T-5955  FAR  29 

Even  the  latest  issues  of  these  documents  specify  only  the  demonstration  tests  and 
permit  the  manufacturer  freedom  in  choosing  the  development  tests  that  may  often  be  re¬ 
stricted  both  in  number  and  in  time  because  of  their  costs. 

However  the  AMCP  706/202-203  does  suggest  some  of  these  Kinds  of  tests. 


TEST  PROGRAM  PLAN 


The  reliability  tests  of  a  system  are  performed  to  determine  or  demonstrate  the  pro 
bability  that  the  system  will  accomplish  a  specified  task  or  mission. 

The  test  program  will  be  divided  Lnto  two  main  phases  :  first  is  for  development 
and  the  second  is  for  demostration  (Fig.  11  . 

During  the  development  phase  the  product  is  tested  to  determine  that  both  its  fun¬ 
ctional  and  structural  features  meet  the  design  requirements,  at  any  time  during  this 
phase  it  is  possible  to  modify  parts  in  order  to  correct  evident  malfunctions. 

At  the  completion  of  this  phase  the  manufacturer  can  qualitatively  predict  the  re¬ 
liability  level  of  the  system. 


The  second  phase  Includes  the  tests  established  with  competent  authority  which 
will  demonstrate  a  minimum  level  of  reliability.  These  tests  differ  from  the  procee¬ 
ding  ones  liecause  the  system  configuration  may  not  be  changed  (Fig.  2). 

DEVELOPMENT  TESTS 

There  are  two  kinds  of  development  tests  : 

Initial  development  tests,  to  substantiate  the  design  criterias. 

Full  development  tests,  to  obtain  adequate  system  reliability  information 

INITIAL  DEVELOPMENT  TESTS 


Each  new  technology  or  new  material  utilized  in  the  system  design  will  be  evalua 
ted  by  means  of  suitable  research  programs. 

However,  their  simul  neous  applications  in  a  new  design  can  be  a  risk  which  must 
be  investigated  prior  to  stating  the  definitive  prototype  configuration. 

The  initial  development  tests  that  are  designated  specifically  to  minimize  the 
costs  incurred  from  these  risks,  and  are  not  easily  quantified  by  the  design  analysis, 
are  the  following  : 

Elastic  tests  of  the  gear  blanks 

Lube  system  tests  with  and  without  oil 

Critical  points  where  potential  wear  problems  exist 

Tests  to  demonstrate  producibility . 


FULL  DEVELOPMENT  TESTS 

These  tests  are  initiated  when  either  an  assemply  or  the  entire  transmission  system 
initial  development  has  been  completed. 

Usually  the  full  development  tests  are  conducted  in  two  different  ways: 

Test  of  one  or  more  assemplies  that  require  specific  test  benches 

Test  of  the  complete  system  enmploying  : 

-  An  aircraft,  secured  to  the  ground 

-  A  Ground  Test  Vehicle  (G.T.V.) 

-  Or  a  helicopter  Bench  (Iron  bird) 

Obviously  the  maximum  reliability  is  obtained  from  the  second  type  of  tests 
However,  the  disadvantages  are  that  they  are  very  expensive,  require  too  much  time, 
and  do  not  permit  the  overpower  tests  which  are  generally  limited  by  both  the  rotors 
and  engines. 

Those  tests  which  are  Intended  for  the  purpose  of  identifying  potential  malfunc¬ 
tions  of  components,  or  subassemplies,  thereby  requiring  correction  of  the  design, 
should  permit  to  pass  qualification  by  satisfying  stated  requirements,  even  though  they 
are  not  tested  in  the  final  definitive  configuration. 


DEVELOPMENT  TESTS  ANALYSIS 

A  test  program  will  assure  a  successful  development  of  a  gear  box  if  it  includes: 

1)  Case  static  tests 

2)  Gear  box  elastic  tests 

3)  No-load  Lube-system  test 

4)  Incremental  load  and  efficiency  tests 

5)  Thermal  mapping  tests 

6)  Overload  tests 

1)  Case  static  tests 

Static  tests  of  castings  are  generally  of  two  types  : 

-  Elastic  tests  at  the  operative  load  to  measure  deflections  of  bearing  housings 
caused  by  both  internal  and  external  loads. 

-  Static  test  at  the  ultimate  loads  to  prove  the  adeguancy  of  the  critical  case 
to  the  required  casting  factors. 

Both  of  these  tests  are  performed  using  the  same  test  rig. 
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Gear  box  elastic  tests 


.1.1  ..1 


These  tests  are  intended  to  evaluate  : 

-  The  gear  patterns  and  design 

-  The  bearings  behaviour 

-  The  load  sharing  in  planetary  systems 

-  The  maximum  deflections  of  input  and  output  shafts  which  are  critical  for 
seals . 

Close-Loop  benches  are  generally  used  for  these  tests,  which  will  allow  the  appli^ 
cation  of  static  torque,  of  external  loads  and  slow  rotation. 

Another  feature  of  these  tests  is  variable  loads  and  temperatures  in  order  to 
cover  the  entire  operative  range. 

31  No-Load  Lube -System  test 

The  first  assembled  transmission  will  be  used  to  evaluate  the  behaviour  of  the 
Lube-Svstem  prior  to  initiating  the  load  development  tests. 

For  these  tests  it  is  useful  to  have  a  movable  fixture  in  order  to  evaluate 
the  windage  loss  of  power  and  the  constant  pressure  of  the  oil  for  different  atti¬ 
tudes  of  the  helicopter  in  normal  flight  operation. 

The  normal  growth  recorded  will  be  a  significative  mean  for  the  comprehension 
of  hydraulic  phenomena  because  without  a  load  the  temperature  is  a  direct  function 
of  windage  losses. 

By  means  of  these  tests  it  is  possible  to  establish  the  correct  shape  of  oil 
baffles,  the  pressure  inside  the  transmission,  the  vent  position,  the  foaming  si¬ 
tuation  and  the  preliminary  evaluation  of  rotating  seals. 

4)  Incremental  load  and  efficiency  tests 

After  the  no-load  lube  tests  it  is  useful  to  perform  short  functional  tests 
with  increasing  loads  to  investigate  the  actual  behaviour  of  the  bearings  and  the 
ge ars . 

At  the  same  time  it  is  possible  to  determine  the  efficiency  of  the  transmission. 

The  rigs  in  this  case  can  be  either  close-loop  mechanical  benches  or  full  absorp 
tion  benches  with  or  without  electrical  power  regeneration. 

Modern  rigs  allow  the  application  of  impulsive  transient  torque  to  simulate  ac¬ 
tual  function  condition  for  the  investigation  of  the  scoring  phenomena. 

51  Thermal  Mapping  tests. 

Modern  transmission  of  civil  and  military  helicopters  are  required  to  demonstrate 
a  fail-safe  behaviour  in  no-lube  condition.  By  means  of  special  instrumentation  such 
as  thermocauples ,  thermoplackards  and  thermovision  systems,  it  is  possible  to  create 
thermal  mapping  of  critical  points  of  the  transmission  where  heat  generation  could 
create  a  risk. 

After  the  examination  of  the  maps,  modifications  necessary  to  pass  the  no-lube 
tests  will  be  established. 

6)  Overloads  tests 

During  the  prequalification,  for  a  period  of  10  *  15%  of  the  total  test  time,  the 
transmission  will  be  run  at  an  overload  torque  factor  of  1,25  e  1,30  of  the  corres¬ 
pondent  design  power.  The  scope  of  this  experimentation  is  to  produce  evidence  of 
the  failure  modes  and  the  fail-safe  behaviour  of  the  rotating  parts. 

The  absence  of  pitting,  scoring,  tooth  breakage  and  other  catastrophic  failure 
modes  shall  be  demonstrated  with  the  same  oil  used  in  service.  These  tests  will  beco¬ 
me  true  fatigue  tests  of  rotating  parts  when  overload  factors  reach  the  value  of 
1,3  *1,4  and  are  intended  to  demonstrate  the  endurance  limit  of  those  parts. 

The  duration  will  be  established  to  accumulate  sufficient  number  of  cycles  on  the 
slowest  rotating  part. 


DEVELOPMENT  TESTS  OF  THE  WHOLE  DRIVE  SYSTEM 

With  the  development  test  of  each  assembly  it  iB  possible  to  obtain  an  adequate 
level  of  reallability,  but  there  is  no  information  concerning  the  potential  problems  of 
Interface  with  other  assemblies. 

The  development  tests  of  the  whole  system  determine  any  malfunctions  prior  to  the 
beginning  of  the  flight  tests  and  tiedown  demonstration  test. 

A  tie  down  helicopter  la  used  to  investigate  the  effect  of  different  operating  levels 
of  power  and  the  excursion  of  flight  controls  that  can  cause  loads  and  unpredictable  vi¬ 
brations  in  the  same  conditions. 


A  preculiarity  of  these  tests  is  the  experimental  determination  that  critical  flexional 
and  torsional  vibration  speeds  are  far  from  the  normal  operating  speed  range  and  that 
the  behaviour  of  the  engine  and  transmission  mounting  and  of  the  hangar  tail  bearing 
supports  are  in  agreement  with  the  preliminary  vibration  survey  obtained  with  the  sha¬ 
king  tests. 

Dynamic  and  static  balancing  tolerance  of  rotors  and  shafts  are  also  investigated 
in  a  true  environment. 

The  engine  installation  can  be  evaluated  in  order  that  the  air  Intakes  are  not  ef¬ 
fected  by  the  exhaust  gas  reingestion,  which  could  cause  engine  stall  and  damage  to 
the  drive  system. 

A  practical  substitution  of  the  tiedown  helicopter  is  the  "Ground  test  vehicle" 
(G.T.V.),  that  is  a  helicopter  modified  for  a  long  and  intensive  running  program  on  the 
ground  and  is  operated  by  remote  controls. 

The  G.T.V.  is  the  most  effective  device  to  continue  the  development  on  the  ground 
of  the  transmission  system  after  the  qualification  tests  and  to  conduct  tests  in  cli¬ 
matic  cells  to  evaluate  the  behaviour  of  the  helicopter  systems  in  extreme  operative 
condit ions. 


QUALIFICATION  TESTS 

Civil  and  military  regulations  establish  the  basic  tests  to  obtain  the  qualifica¬ 
tion  of  a  drive  system.  These  basic  endurance  tests  are  in  particular  specified  by  the 
military  documents  such  as  the  MIL-T-8679  and  AMCP  706-203. 

A  50  hour  test  to  garantee  an  adequate  level  of  safety  before  the  beginning  of  the 

flight  test. 

A  150  hour  preproduction  test 

A  250  hour  test  to  establish  the  initial  T.B.O.  (time  between  overhaul)  and  special 

inspections. 

These  tests  performed  on  a  tie  down  helicopter  or  a  G.T.V.  differ  from  development 
tests  because  major  modifications  cause  the  repetition  of  the  test,  that  1b,  the  confi. 
guratlon  is  fixed,  and  time,  sequence  and  policy  of  the  different  phases  of  these  tests 
are  governed  by  requirements. 

After  this  first  kind  of  test  the  reliability  program  will  be  implemented  with 
flight  and  ground  tests  to  demonstrate  a  specified  M.T.B.F.  (Meantine  between  failure). 


GROUND  TESTS 


The  ground  tests  will  continue  using  regenerative  test  benches,  or  a  tiedown  heli¬ 
copter  or  G.T.V.  with  a  qualified  transmission.  The  necessary  reliability  level  will 
define  their  duration. 

The  total  duration  of  this  tests  will  be  divided  in  order  to  approve  different  kinds 
of  lubricants  and  components  produced  by  alternative  vendors. 


FLIGHT  TESTS 


The  flight  tests  necessary  to  complete  the  qualification  program  and  to  develope 
the  load  and  vibration  survey,  must  be  implemented  with  a  program  of  intensive  flights 
by  means  of  a  production  helicopter.  The  purpose  of  this  tests  is  to  collect  data  about 
the  reliability  and  maintainability  level  of  the  whole  dynamic  system. 

The  first  flying  prototype,  instrumented  with  straingages,  accelerometers,  thermocou 
pies,  etc.  will  be  utilized  for  the  load  and  vibration  survey. 

A  second  one  will  be  utilized  for  the  demonstration  tests  of  handling  qualities  and 
functional  reliability. 

The  same  helicopter  will  be  used  for  other  activities  scheduled  as  follows  : 

-  Activities  recommended  for  civil  helicopters  will  be  performed  by  the  engine  manu¬ 
facturer  with  a  flight  test  program  to  develop  the  efficiency  of  the  engine  instal- 

lat ion . 

The  purpose  of  these  tests  is  to  investigate  : 

-  Mission  profiles 

-  Dynamic  system  torsional  stability 

-  Decelerations 

-  Accelerations 

-  Ground  starts 

-  Engine  control  system  stability 
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The  data  furnished  by  the  above  tests  are  useful  to  eliminate  malfunctions  in  an 
early  stage  of  the  program  and  to  minimize  its  cost. 

After  this  experimentation  the  helicopter  will  be  used  for  the  demonstration  of 
the  handling  qualities  by  the  airframe  producer. 

After  the  flight  demonstration  tests  the  helicopter  will  be  employed  for  intensi¬ 
ve  flight  tests  program  to  accumulate  significative  flight  time  in  order  to  garaii 
tee  sufficient  maturity  at  the  commencement  of  its  operative  service  life. 


TEST  DATA  ANALYSIS 


At  the  end  of  each  test  the  data  concerning  visual  and  analytical  inspections  will 
be  collected  by  means  of  a  computer  program  to  elaborate  them  in  order  to  collate  in¬ 
formation  relating  to  the  frequencies  of  different  kinds  of  malfunctions  and  statisti¬ 
cal  failure  rate. 

Accuracy  in  inspection  and  analysis  is  very  important  to  assure  a  true  value  of 
test  results  and  to  make  a  correlation  with  the  fault  analysis  report. 

Different  kinds  of  data  analysis  will  be  used  in  each  phase  of  the  experimentation 
program. 

A  qualitative  analysis  will  be  made  of  each  component  during  the  development  phase, 
based  upon  thorough  and  varied  inspection  techniques  to  determine  its  "mode  of  failure" 
with  the  conclusion  being  the  identification  of  the  design  fault,  if  any,  and  its  cor¬ 
rective  solution.  The  same  analysis  criteria  will  be  used  also  for  the  initial  T.B.O. 
demonstrat  ion  . 

The  reliability  demonstration  phase  and  the  data  accumulated  in  service,  will  fur¬ 
nish  sufficient  data  to  permit  their  statistical  elaboration. 

The  "design  and  testing  engineering  staff"  will  directly  manage  the  test  program 
during  the  development  and  demonstration  phases.  But  with  the  great  increase  of  the  num 
ber  of  flight  hours,  after  the  aircraft  has  entered  service,  it's  not  possible  that  the 
same  staff  can  physically  handle  all  the  data;  for  this  reason,  of  extreme  importance 
after  the  development  program  are  the  use  of  highly  skilled  mechanics  and  the  proper 
completion  af  all  farms  for  thorough  review. 

CONCLUS IONS 


In  future  test  techniques  will  be  implemented  to  confirm  the  modes  of  failure  pre¬ 
dicted  by  the  design  fault  analysis  rather  than  discover  them.  In  fact  with  adequate 
test  program  it  is  possible  to  garantee  the  sufficient  maturity  to  a  new  drive  system 
entering  service. 

All  that  will  give  the  customers  the  economical  advantage  of  low  operative  costs 
obtained  from  the  reduction  in  maintenance  incidence. 
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Figure  8.  Reliability  and  testing  p 


the  risks  ot  explosion,  such  as  could  occur  following  the  loss 
oi  oil  into  the  test  chamber  during  a  test  at  high  tempo rature , 


photo  1.  A1U9  MAIN  TRANSMISSION  MAST  BEARINGS  TEST  BENCH 
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DISCUSSION 

M  D  Paramour.  MOD  iPh.  I  K 

Wh.it  t est s  do  you  consider  arc  necessary  tor  the  acceptance  ol  new  production  aiul  overhauled  transmissions, 
heating  in  mind  the  range  ol  component  and  assemhl>  tolerances  to  he  I'otiiiil  m  | mnhicfion  transmissions/ 

\ulhor  s  Kept) 

It's  current  practice  at  \( il !S  1  A  to  green-run.  with  an  adequate  test  cycle,  each  new  or  overhauled  transmission 
heioie  delivering  it  tor  service 

\ttei  that,  the  transmission  will  he  disassembled  and  visually  inspected  to  assure  the  absence  ol  mall  unctions  versus 
a  standard  acceptance  specification  derived  from  the  experience  accumulated  during  the  development  test 

In  tact  during  the  gear  pattern  and  incremental  loading  tests,  at  least  the  most  critical  tolerances  ol  gears,  shalts. 
seals  and  hearings  have  been  checked  to  establish  and  to  confirm  tolerance  production  limits  and  acceptance  lest 
critenas. 
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HELICOPTER  TRANSMISSION  TESTING 

PASOUALE  J.  MANGIONE 
NAVAL  AIR  PROPULSION  CENTER 
P.  O.  BOX  7176 
TRENTON,  NJ  08628 


SUMMARY 

Helicopter  propulsion  system  evaluation  testing  is  conducted  on  individual  components 
in  the  early  stages  of  development.  The  total  propulsion  system  is  not  operationally 
tested  until  the  components  are  installed  in  the  first  aircraft.  As  such,  dynamic  inter¬ 
face  problems  are  not  detected  until  this  stage  of  the  full  scale  development  program 
which  can  prove  costly.  To  achieve  more  development/reliability  testing  and  more  meaning¬ 
ful  qualification  tests  of  the  total  system,  the  Naval  Air  Propulsion  Center,  under  Naval 
Air  Systems  Command  sponsorship,  developed  the  only  indoor  facility  in  the  United  States 
capable  of  testing  a  "rotorless"  helicopter  propulsion  system.  This  paper  describes  the 
test  facility  and  presents  the  rationale  and  capability  of  an  integrated,  dynamic  test 
stand  for  total  system  testing. 


INTRODUCTION 

The  performance  and  design  evaluation  testing  of  helicopter  propulsion  systems  has 
long  been  accomplished  on  the  individual  components,  i.e.,  engines,  transmission,  gear¬ 
boxes,  etc.  Certainly,  such  engine  test  stand  and  transmission  gearbox  back-to-back  test 
operations  are  essential  in  the  early  stages  of  development  but  they  fail  to  provide 
evaluation  of  any  interactive  effects  which  can  exist  in  the  total  system.  In  fact,  the 
total  propulsion  system  is  not  operationally  tested  until  installed  in  the  tiedown  or 
fliqht  aircraft  at  which  time  these  interaction  or  interface  problems  can  cause  needless 
delays  and  added  cost.  In  an  effort  to  obtain  more  development  and  reliability  test  time 
and  more  meaningful  qualification  tests  of  the  total  system,  the  Naval  Air  Propulsion 
Center  (NAI'C)  ,  under  Naval  Air  Systems  Command  (NAVAIR)  sponsorship,  designed  and  installed 
the  only  indoor  facility  in  the  United  States  capable  of  testing  an  entire  helicopter 
propulsion  system  except  for  the  rotor  and  rotor  hub  assemblies. 

The  concept  of  an  integrated,  dynamic  test  stand  for  total  system  testing  was  formu¬ 
lated  and  developed  to  satisfy  a  number  of  test  program  objectives.  Briefly,  the  types 
of  test  programs  would  include: 

•Verification  of  system  designs  and  performance  for  new  and  upqraded  aircraft 
•qualification  per  specification  requirements  (AS-3694A) 

•  Endurance/Reliabi  lity  -  Simulated  Mission  Endurance  Test  (SMET) 

•Pre-flight  Rating  and  Flight  Worthiness  Demonstration 

•Research/Development  of  system  hardware,  accessories,  and  lubricant/lubricant 
cooling  systems 

•Fleet  service  problems 

All  of  these  programs  can  be  effective  in  the  early  identification  of  the  dynamic  inter¬ 
face  problems  in  a  propulsion  system  prior  to  installation  in  either  the  first  fliqht  or 
i  modified  flight  vehicle.  NAVAIR  acknowledged  the  capability  of  an  integrated  system 
test  facility  by  specifying  its  use  for  pre-flight  and  qualification  testing  in  a  heli¬ 
copter  transmission  general  specification,  AS-3694A  (reference  1).  The  specification 
covers  the  tenoral  requirement  for  VTOL-STOL  transmission  systems  and  the  specific 
requirements  for  design,  component  testing,  and  integrated  system  testing  of  these 
systems . 

FACILITY  DEECRI  i’Tl'iN 

The  facility  is  an  "open  end"  design  wherein  the  flight  powers  and  certain  load 
parameters  are  imposed  on  the  main  transmission,  nose,  intermediate,  and  tail  rotor 
je .irboxos,  interconnecting  shafting,  clutches  and  couplings,  and  all  accessories  common 
to  the  total  propulsion  system.  The  "prime  movers"  are  the  actual  turboshaft  engine(s) 
used  in  the  flight  vehicle. 

The  "heart"  of  the  facility  is  the  30:1  ratio  step-up  qearbox  with  a  capacity  of  over 
0.97  megawatts  (8000  horsepower)  as  shown  in  Figure  1.  The  qearbox  translates  the  low 
speed-high  torque  output  of  helicopter  main  transmission  rotor  shafts  to  hiqh  speed-low 
torque  values  which  permits  power  absorption  by  the  use  of  multiple  waterbrake  dynamo¬ 
meters  (Figure  2).  Power  absorption  at  the  tail  rotor  qearbox  is  also  accomplished  with 
a  waterbrake  system.  All  accessory  drives  are  "loaded"  with  the  specific  generator, 
hydraulic  pump,  and  rotor  brake  common  to  the  particular  helicopter  propulsion  system. 
Ancillary  electrical  and  hydraulic  power  absorption  systems  within  the  facility  provide 
appropriate  generator  and  hydraulic  pump  loadinq  throughout  the  test  proqram. 

The  integrated,  dynamic  test  stand  also  includes  the  means  of  applyinq  thrust  and 
bending  loads  to  the  main  rotor  shaft  of  the  test  transmission.  The  thrust  and  bending 


loadin'!  systems  are  shown  schematically  in  Figure  3  for  an  All-lJ  transmission.  Maximum 
thrust  loads  ot  up  to  222,500  newtons  (50,000  pound-force)  can  be  applied  to  the  main 
rotor  shaft  by  means  of  four  Mas  (nitrogen)  operated  "jacks"  mounted  to  the  four  corners 
of  a  square  loading  platform  or  table.  A  tapered  roller  bearinq  allows  rotation  of  the 
main  rotor  shaft  and  the  bearinq  inner  race  within  the  stationary  outer  race  and  thrust 
table.  Load  cells  in  the  conneetinq  arms  to  each  of  the  loadinq  "jacks"  provide  accurate 
measurement  ot  the  thrust  loads. 

The  bendinq  load  is  applied  throuqh  a  separate  housinq  at  the  top  of  the  main  rotor 
shaft.  As  in  the  thrust  loadinq  system,  a  tapered  roller  bearing  permits  main  rotor  shaft 
rotation  within  the  stationary  housinq  while  the  externally  applied  load  is  reacted  through 
the  bearinq  t.o  the  rotating  shaft.  The  system  was  designed  and  procedures  were  established 
to  assure  proper  application  of  the  bending  load,  and  to  maintain  accurate  alignment  of  the 
entire  shafting  from  the  test  transmission  to  the  step-up  gearbox.  If  the  load  were  im¬ 
properly  imposed,  a  severe  misalighment  could  occur  and  result  in  high  vibratory  loading 
of  ttie  test  components.  Maximum  bending  loads  of  up  to  22,500  newtons  (5000  pound-force) 
can  be  applied  and  accurately  measured  by  means  of  a  load  cell.  The  main  rotor  shaft 
loading  system  imposes  realistic  load  conditions  on  the  transmission  components  and  improves 
the  overall  capability  of  the  facility  for  performance  and  reliability  evaluations.  The 
facility  design  specifications  and  operating  limits  are  presented  in  Table  I. 

TABLE  I 

NAVAL  AIR  PROPULSION  CENTER  TRANSMISSION  TEST  FACILITY  DESIGN 
SPECIFICATIONS  (TEST  CELL  8W) 

Input  Power  Source  -  1 ,  2  or  3  Turboshaft  Engines 

Transmission  Main  Rotor  Speed  -  175  rpm  to  325  rpm 

Power  Absorbed  -  Main  Rotor  -  5.97  megawatts  (8000  hp)  maximum 

Rotor  Shaft  Torque  -  Maximum  325,400  newton-metres  (240,000  pound-force-foot)  at 
Nominal  Engine  Airflow  -  22.7  kg/sec  (50  lb/sec)  maximum  ^  rPm 

Cold  Inlet:  -54°C  (-65°F)  Hot  Inlet:  +104»C  (+220“F) 

Sea  Level  (Ambient  Conditions) 

Thrust  Loading  (Main  Rotor)  -  0  to  222,500  newtons  (50,000  pound-force) 

Bendinq  Loading  (Main  Rotor)  -  0  to  22,250  newtons  (5,000  pound-force) 

This  facility  provides  sufficient  flexibility  to  install  and  test  a  variety  of  current  and 

future  helicopter  propulsion  systems  up  to  and  including  the  growth  version  of  the  Sikorsky 

RH-53D  helicopter. 

An  isometric  view  of  the  RH-53D  propulsion  system  installation  is  shown  in  Figure  4. 

The  test  installation  includes  the  two  T64-GE-415  engines,  two  nose  gearboxes  and  inter¬ 
connecting  shafting,  main  transmission,  accessory  gearbox,  oil  cooler/fan,  two  sections 
of  the  drive  shaft  to  the  intermediate  gearbox,  and  the  tail  rotor  drive  shaft  and  gearbox. 
The  main  rotor  shaft  output  power  is  absorbed  by  three  2.2  megawatts  (3000  hp)  waterbrakr 
dynamometers  on  top  of  the  step-up  aearbox  and  a  tail  rotor  waterbrake  dynamometer  capable 
of  absorbing  up  to  1.5  megawatts  (2000  hp)  . 

The  control  room  provides  extensive  instrumentation,  as  shown  in  Figure  5,  for  the 

measurement  and  monitoring  of  all  parameters  necessary  for  proper  operation  of  the  engine (s) 

and  all  subsystems  comprising  the  total  propulsion  system.  The  engine (s),  waterbrake 
dynamometers,  and  main  rotor  loading  control  consoles  have  direct  access  to  related  instru¬ 
mentation  for  continuous  monitoring  and  control  by  the  qualified  operators.  Critical 
temperatures,  pressures,  and  all  chip  detectors  in  the  propulsion  system  components  are 
included  in  a  special  panel  with  warning  lights  and  audible  alarms  (far  right  in  Figure  5). 

A  critical  alarm  signal  will  initiate  immediate  execution  of  emergency  shutdown  procedures 
to  avoid  possible  catastrophic  failures. 

The  speeds  and  torques  of  all  rotating  subsystems  are  measured  and  monitored  throughout 
the  test  program.  In  fact,  present  capability  includes  direct  and  simultaneous  readout  of 
all  input/output  powers  on  command  which  permits  accurate  evaluation  of  the  system 
mechanical  efficiency. 

The  main  rotor  shaft  can  also  be  strain  gaged,  as  shown  in  Figure  6,  to  measure  the 
strain  induced  by  the  bending  and  thrust  loads,  either  separately  or  in  combination.  The 
strain  signal  is  telemetered  to  visicorder  and  digital  readout  instruments  which  permits 
system  calibration  with  the  load  cells  under  static  conditions  and  continuous  monitoring 
under  dynamic  conditions.  The  location  of  the  strain  measurement  and  recording  instru¬ 
mentation  in  the  control  room  is  shown  in  Figure  7.  The  Visicorders  and  telemetry  receivers 
can  be  seen  in  the  center  console  which  is  flanked  by  the  vibration  monitor  console  on  the 
right  and  the  generator  loadings  systems  in  the  console  on  the  left.  The  console  at  the  far 
left  contains  all  power  supply  equipment  for  the  control  room.  Two,  closed-circuit  tele¬ 
vision  systems  with  monitors  in  the  control  room  (far  right  console)  are  used  to  maintain 
visual  surveillance  of  the  test  area  throughout  the  test  program. 

On  a  continuing  basis,  every  effort  is  made  to  improve  and  up-date  the  facility  for 
data  accuracy  (instrumentation)  and  effective  mission  simulation  (contro 1 /loading ) . 


Future  plans  include:  (a)  the  tie-in  of  test  instrumentation  into  the  Center's  data 
acquisition  and  proqraminq  systems  to  reduce  the  complexity  and  man-hours  in  the  recording 
and  analyzin')  of  the  data:  and  (b)  the  installation  of  a  failure  monitorinq  tape  system 
which  will  continuously  record  selected  parameters  for  analytical  review  and  diaqnosis 
should  a  failure  occur  during  test  operation. 

In  addition,  NAPC  has  determined  the  desiqn  concept  and  the  hardware  requirements 
necessary  for  expansion  of  the  present  transmission  test  facility.  The  new  system  would 
provide  basic  capacity  to  11.94  meqawatts  (16,000  horsepower)  with  overload  capability  to 
11.41  meqawatts  (18,000  horsepower). 

DISCUSSION 

The  inteqrated,  dynamic  test  stand  permits  full  evaluation  of  ?ngine/dr i ve  train  com¬ 
patibility  under  simulated  service  operatinq  conditions  prior  to  installation  in  an  air¬ 
craft.  The  concept  of  total  systems  testinq  offers  siqnificant  advantaqos  over  the 
reqenerative  or  back-to-back  arrangements  particularly  in  assessing  interaction  effects. 

The  coupled  interactions  between  two  or  more  helicopter  dynamic  subsystems  have  often  been 
the  source  of  vibration  problems  which  have  required  compromisinq  the  performance  of  one 
or  more  components.  Such  interface  problems  are  among  the  last  to  be  found  and  the  most 
costly  to  correct  in  a  development  program.  The  experience  of  U.S.  helicopter  manufacturers 
with  dynamic  interface  development  problems  are  extensively  examined  and  summarized  in 
references  2  through  6.  These  reviews  were  performed  under  government  sponsorship  and 
■’stablish  a  definite  need  for  further  analytical  and  testinq  efforts  to  achieve  better 
understanding  of  the  problems  and  the  potential  solutions.  The  method  of  total  propulsion 
system  testing  can  provide  this  much  needed  information  in  (a)  developing  the  broad  data 
base  to  improve  analytical  design  techniques,  and  (b)  during  the  development  program  to 
avoid  costly  modifications  and  delays. 

In  qeneral,  helicopter  mission  times  are  short  compared  to  fixed-wing  aircraft  and 
require  considerable  power  cycling  of  the  engine  and  drive  system.  The  integrated,  dynamic 
test  stand  permits  transient  speed  and  power  changes  much  the  same  as  in  the  helicopter. 

In  fact,  the  rigorous  mission  cycle  selected  and  imposed  on  the  total  propulsion  system 
allows  an  assessment  of  component  performance,  torsional  vibration  instability  problems  and' 
other  potential  operating  problems  associated  with  power  cycling  and  system  response.  The 
"one  engine  inoperative"  (OEI)  mode  is  also  accomplished  in  the  test  facility  by  supplying 
maximum  power  levels  to  one  input  module  (clutch  engaged)  while  the  opposite  input  module 
clutch  operates  in  the  overrunning  mode.  This  method  applies  more  realistic  clutch  oper¬ 
ation  than  the  reqenerative  type  test  stands  which  must  "lock-out”  the  overrunning  clutch 
during  each  cycle.  The  testing  of  the  total  propulsion  system  under  simulated  service 
operation  will  demonstrate  flight  worthiness  and  the  fail-safe  features  of  the  dynamic  com¬ 
ponents.  In  addition,  the  discrepancies  cited  at  the  teardown  inspection  of  the  test  com¬ 
ponents  after  qualification  tests  will  indicate  specific  hardware  deficiencies  and  the  most 
probable  long-term  failure  modes  of  each  propulsion  system.  The  individual  testing  used 
extensively  to  qualify  transmission  accessories,  remote  gearboxes,  oil  coolers  and  fans  can 
be  combined  since  the  facility  permits  full  qualification  of  these  components  along  with 
the  main  transmission.  In  addition,  full  operational  testing  of  the  main  rotor  brake (s) 
can  be  accomplished  with  rotor  brake  actuation  to  control  the  time  required  for  full  rotor 
stop  from  any  main  rotor  speed. 

This  method  of  testing  provides  all  the  advantages  of  tie-down  testing  in  a  ground  test 
vehicle  (GTV)  at  lower  cost  and  without  its  associated  airframe  vibratory  stress  problems 
due  to  rotor  ground  effects.  rn  addition,  the  integrated  test  stand  has  more  extensive  and 
sophisticated  instrumentation  and  equipment  which  can  be  "tailored"  to  meet  specific  test 
requirements.  The  test  program  dictates  the  type  of  data  needed  and  the  test  cycle 
establishes  the  frequency  of  recording  data.  All  instrumentation  and  equipment  are  cali¬ 
brated  as  necessary  to  assure  that  the  required  degree  of  accuracy  is  maintained  throughout 
the  test  program.  Test  conditions  and  critical  operating  parameters  are  more  accurately 
controlled  under  test  cell  operation.  Unlike  GTV  tests  which  are  subject  to  ambient  con¬ 
ditions,  the  facility  can  control  engine  inlet  temperatures  with  "conditioned  air"  to  assure 
that  proper  power  levels  are  maintained  throughout  the  test  program. 

A  propulsion  system  test  facility  can  be  effectively  used  in  a  development  program  as 
an  integrated,  dynamic  test  for  the  critical  assessment  of: 

(a)  system  flight  worthiness  and  safety  in  a  60-hour  pre-flight  rating  test. 

(b)  system  desiqn  and  performance  in  a  150-hour  qualification  test  on  production 

parts. 

(c)  system  reliability/durability  in  a  500-hour  endurance  test. 

Of  course,  such  total  system  testing  must  be  predicated  on  adequate  bench  testing  of  all 
components  in  the  early  stages  of  development.  In  particular,  overstress  testing  of 
components  in  reqenerative  type  test  facilities  in  which  the  requirement  is  not  a  "must 
pass"  test  but  an  evaluation  of  parts  design  and  integrity.  Basically,  the  test  objec¬ 
tives  are  to  determine  modes  of  failure,  detectability  of  failures  and  the  extent  of 
fail-safe  features  in  a  program  used  to  "de-bug"  the  components  through  redesign,  fix 
and  repair.  All  redesigned  and  improved  parts  should  be  adequately  evaluated  in  these 
tests  prior  to  installation  in  the  components  for  total  system  testing  on  an  integrated, 
dynamic  test  stand.  In  addition,  the  total  system  tests  will  permit  qualification  and 
endurance  evaluation  of  all  clutches,  couplings,  shafting,  rotor  brakes,  and  accessories 


lli'tM  with  t  he  u  boxes  . 

A  brief  review  of  a  tost  program  conducted  in  the  NAPC  t  ransnu  ssion  tost  f .  j  c  *  i.  1  i  t:  y  may 
soivo  to  demonstrate  its  capabilities  and  versatility.  Often,  the  demands  for  new  and 
onlni-;od  operational  loles  in  existing  helicopters  a  re  satisfied  by  the  mcro^od  power 
available  in  growth  engines  which  can  be  "fitted"  into  existin'?  airframes  with  few  mod¬ 
ifications  in  design  to  the  aircraft  and  power  drive  system.  One  such  model  modification 
was  accomplished  for  the  Booing-Vertol  CH-46E  aircraft  with  the  General  Electric  T58-GE-16 
on-iino,  a  growth  version  ol:  the  T58-GK-10  onqinc  used  in  earlier  Cl  1—4  6  models.  A  200-hour 
qua  1  l  t  icat  ion  tost  ot  the  uprated  (2089  kw/2800  SHP)  propulsion  system  was  completed  in  t 
NAPC  transmission  test  facility.  Figure  8  shows  the  installation  of  the  aft  transmission 
and  mixbox  with  tw-.q  transmission  mounted  qent  rators.  Power  absorption  of  the  aft.  rotor 
sha :  L  was  accomplished  by  a  sinqle  waterbrake  on  the  step-up  qearbox  throuqh  the  flexible 
.v-upl  inu  and  torquemeter  ar  rangeinont .  Since  the  gear  systems  in  both  the  forward  and  af* 
transmission  ire  basically  the  same  and  the  aft  transmission  is  the  heavier  loaded ,  the 
forward  transmission  was  not  tested.  However,  it  was  simulated  in  the  test  installation 
by  a  waterbrake  power  absorption  system  as  shown  in  Fiqure  9.  Subsequent  qualification 
■  ’ t  the  forward  transmission  was  based  solely  on  the  performance  of  the  aft  transmission. 

The  proqram  also  included  a  qualification  test  of  a  second  source  overrunning  clutch  to 
meet  projected  shortages  at  the  Naval  Air  Rework  Facility  level.  The  proqram  also  pro¬ 
vided  as  assessment  of  the  T58  engine  Power  Management  System  which  maintains  "balanced" 
load  sharing  between  the  engines  at  any  output  power.  The  qualification  test  consisted 
o:  00  cycles  at  the  loading  sequence  shown  in  Table  II  for  a  four  hour  cycle.  This  test 
cycle  provided  for  a  total  of  150  hours  of  dual  engine  operation  and  25  hours  (each)  of 
single  engine  operation.  Kach  load  condition  in  the  test  cycle  was  set  by  imposing  t.h> 
had  ■  n  the  forward  (transmission)  waterbrake  and  adjusting  engine  input  powers  to  the  total 
power  requirement .  In  this  manner,  the  aft/mix  transmission  power  losses  were  readily 
issessed.  Special  instrumentation  provided  a  simultaneous  readout  of  all  input  and  output 
powers  which  indicated  an  alt/mix  transmission  efficiency  of  97.1  per-cent  at  2089  kw 
(2800  SUP) .  Sinqle  engine  operation  was  accomplished  with  the  "inoperative  engine"  at 
around  idle  which  imposed  the  most  severe  differential  speed  (67  percent)  in  the  over- 
tannin;  clutch.  In  addition,  each  clutch  experienced  50  engagements  (one  per  cycle)  plus 
a  number  of  engagements  at  each  engine  start.  Throughout  the  test  program,  the  test  trans¬ 
mission  was  periodically  monitored  by  spec t rometr ic  oil  analysis  (SOAP)  and  continuously 
by  magnetic  chip  detectors. 

TABLE  1 1 

CI1-46E  QUALIFICATION  TEST 

AFT  AND  MIX  TRANSMIS S ION 

TORQUE  N-M/  AFT  FORWARD 


TOTAL 

Kw/ (HP) 

TEST  CONDITION 
AT  AFT 

TRANSMISSION 

(IN-LB)  EACH 
ENGINE  AT 
19,500  RPM 

TRANSMISSION 

AT  264  RPM 
_Kw/_UIPi _ 

WATERBRAKE 

AT  2562  RPM 
kw/ (HP) 

DURATION 
HRS: MIN 

6  27  (840) 

NRS;  30*  N.R. 
Input  Torque 

153 

(1357) 

313  (420) 

313 

(  420) 

0:10 

■) 

2089 

(2800) 

NRS;  110?-  N.R. 
Input  Torque 

511 

(4525) 

1149  (1540) 

940 

(1260) 

0:50 

Id . 

i  492 
(1481 

(2000) 

F  T5) 

(NOM) 

Single  (Engine 

#d 

730 

(6464) 

746  (1000) 

746 

( 1000) 

0:20 

lb. 

12  38 

(1660) 

Single  (Engine 

*D 

606 

(5365) 

619  (830) 

619 

(8  30) 

0  :  10 

4  . 

2059 

(2800) 

NRS;  120*  N.R. 
Input  Torque 

511 

(4525) 

1253  (1680) 

836 

(1120) 

1  :  55 

5. 

22  38 

( 3000) 

NRS;  128.6%  N.R. 
Input  Torque 

548 

(4848) 

1343  (1800) 

8«5 

(1200) 

0  :  05 

6  a  . 

1492 
(14  81 

(2000) 
■F  Tr) 

(NOM) 

Sinqle  (Engine 

#2) 

7  30 

(6464) 

746  (1000) 

746 

(  1000) 

0  :  20 

6b. 

12  38 

(1660) 

Single  (Engine 

#2) 

606 

(5365) 

619  (830) 

619 

(830) 

0  : 10 

TOTAL 

"4-00 

HOURS 

MRS  -  Normal  Rated  Speed  -  Power  Turbine  RPM  -  19,500 
FWD  and  AFT  XMSN  Input  RPM  -  2562 
AFT  Rotor  (Main)  Output  RPM  =  264 

NR  -  Normal  Rating  of  AFT  XMSN  =  1044  kw  (1400  HP) 

#1  Engine  -  Left-Hand  Looking  Forward 
*2  Engine  -  Right-Hand  Looking  Forward 

The  events  described  next  emphasize  the  ability  of  integrated  system  testing  to  identify 
and  resolve  problems  which  can  result  from  the  coupling  of  propulsion  system  components. 


During  Lho  initial  checkout  oi  the  test  installation,  the  "ibrntion  ( accelera t ion)  level 
at  the  aft  tube  support  of  each  enqine  was  well  above  the  limit  specified  in  the  aircraft 
operat inq  manual.  The  accelerometer  pickups  were  monitored,  at  the  hiqh  speed  shaft 
rotational  frequency,  by  the  actual  aircraft  qround  test  equipment  in  accordance  with 
normal  qround  run-up  procedures.  The  hiqh  vibration  level  had  reportedly  been  a  source 
of  service  problems  in  the  field  because  of  the  hiqh  operatinq  speed  and  inherent,  complex 
desiqn  of  the  hiqh  speed  shaft.  The  shaft  "complexities"  were  further  compounded  by  the 
need  of  a  special  adapter  to  permit  the  use  of  the  T58-GF-10  enqine  shaft  with  the  T58- 
GE-16  enqine.  At  the  time,  an  entirely  new  shaft  for  the  T58-GF-16  enqine,  with  a  "phase- 
shift"  torquemeter  system,  was  in  the  desiqn  staqe  and  unavailable  for  this  test  proqram. 

A  vibration  spectrum  analyzer,  with  full  scanninq  and  trackinq  capability  at  all  rotational 
frequencies,  was  used  to  assist  in  the  study  of  vibrational  modes  in  the  system.  These 
results  were  provided  to  Boeinq-Vertol  for  a  critical  speed  analysis  of  the  system  which 
led  to  a  resolution  of  the  problem  throuqh  improved  assembly  fits  and  rebalancinq  of  shaft 
components.  The  total  effort  on  the  hiqh  speed  shaft  problem  provided  a  siqnificant  amount 
of  operational  vibration  data  which  was  not  readily  attainable  in  other  test  facilities. 

The  200-hour  test  proqram  was  then  completed  without  further  incident  of  major  impor¬ 
tance.  At  the  end  of  the  test,  inspection  of  the  component  parts  revealed  that  all  parts 
were  in  hiqhly  satisfactory  condition  except  for  the  spiral  bevel  input  pinion  and  gear 
mesh  and  one  input  pinion  idler  assembly  which  "housed"  the  second  source  test  clutch.  The 
spiral  bevel  qear  teeth  exhibited  a  siqnificant  amount  of  surface  distress  (scuffinq)  which 
precluded  full  qualification  of  the  propulsion  system  at  the  uprated  power.  An  extensive 
investiqation  indicated  that  the  damage  may  have  been  related  to  "poor"  tooth  patterning  at 
assembly  and  a  tentative  qualification  approval  was  agreed  upon.  Full  qualification 
approval  was  ultimately  given  after  a  200-hour  penalty  run  in  the  first  flight  aircraft  in 
which  the  spiral  bevel  pinion  and  gear  were  determined  to  be  in  satisfactory  condition.  The 
primary  damage  to  the  input  pinion  assembly  was  described  as  "flats"  and  scuffing  of  the 
clutch  inner  race,  and,  to  a  lesser  degree,  to  the  clutch  outer  race  in  the  idler  hub 
assembly.  The  second  source  test  clutch  retainers  and  sprags  were  not  distressed  and  were 
considered  in  good  condition  for  further  operation.  The  damage  to  the  clutch  races  was 
attributed  to  out-of-phase  loading  of  the  sprags  in  the  test  clutch,  i.e.,  not  all  sprags 
were  loaded  equally  at  all  times.  Since  the  "production"  clutch  in  the  other  input  idler 
assembly  performed  well  without  distress  under  similar  operating  conditions,  qualification 
was  denied  for  the  second  source  clutch  with  specific  recommendations  for  analysis/redesign 
as  necessary  and  for  further  full  scale  testing.  As  a  matter  of  record,  a  second  source 
clutch  configuration  was  later  qualified  following  satisfactory  demonstration  in  bench  tests 
and  a  200-hour  flight  test. 

A  similar  effort  was  employed  in  the  qualification  of  the  Bell  Helicopter  AH-1J  propul¬ 
sion  system  at  increased  power  in  the  NAPC  transmission  test  facility.  The  results  of  the 
AH- 1 J  qualification  proqram  were  reported  with  recommendations  to  incorporate  specific 
hardware  modifications  for  improved  system  durability.  In  comparison,  another  uprated, 
advanced  helicopter  model,  not  tested  in  the  NAPC  facility,  experienced  major  component 
failures  in  ring  gears,  main  rotor  shaft  thrust  bearings,  and  rotor  brake  bearings,  over  a 
two-year  period  of  field  service.  The  testing  at  the  contractor's  facilities,  which  in¬ 
cluded  a  200-hour  test  in  the  regenerative  test  stand  and  two,  200-hour  tests  in  a  GTV,  had 
not  uncovered  the  deficiencies  experienced  in  service.  From  the  contractor's  records  it 
was  determined  that  the  limitations  in  attainable  test  conditions  may  have  contributed  to 
the  non-failure  of  components  in  the  three  200-hour  tests.  For  example,  limited  capacity 
in  the  regenerative  stand  resulted  in  applied  main  rotor  thrust  loading  below  required 
values.  In  the  GTV  tests,  hiqh  ambient  conditions  limited  the  maximum  engine  powers  attain¬ 
able  and  resulted  in  a  lower  power  spectrum  during  test  operation.  The  integrated,  dynamic 
test  stand  is  capable  of  imposing  realistic  operating  conditions  throughout  the  entire 
operating  cycle. 

The  facility  has  also  been  effectively  and  expeditiously  used  in  the  resolution  of  fleet 
service  problems.  In  most  cases,  the  inherent  capability  of  the  integrated,  dynamic  test 
stand  permits  sufficient  flexibility  in  test  operation,  use  of  special  instrumentation,  and 
close  control  of  system  parameters  to  extensively  investigate  service  malfunctions/failures 
through  duplication  of  actual  operating  characteristics. 

FUTURE  PLANS 

In  future  helicopter  and  V/STOL  development  programs,  the  U.S.  Navy  will  require  com¬ 
pliance  with  Specification  AS-3694A  and  will  continue  efforts  to  provide  a  coordinated 
military  specification.  The  integrated  system  test  stand  is  considered  a  viable  means  of 
performing  pre-flight  rating  and  qualification  testing  in  a  properly  scheduled,  well- 
defined  test  proqram  which  will  provide  a  successfully  integrated  and  qualified  propulsion 
system.  In  addition,  a  500-hour  endurance  test  will  demonstrate  system  durability  and  add 
a  high  degree  of  functional  maturity  to  the  final  design  configuration. 

The  transmission  facility  itself  will  be  improved  and  updated  to  assure  maximum  capa¬ 
bility  in  meeting  future  test  requirements  of  advanced  propulsion  systems.  Near-term 
efforts  will  provide  computer  system  data  aquisition  and  analysis  which  will  improve 
transient  capability  and  reduce  manpower  requirements  within  the  facility.  Failure  analysis 
and  diagnostic  capability  will  be  improved  with  the  addition  of  a  multi-channel  failure 
monitoring  tape  system.  In  addition  to  the  instrumentation  improvements,  a  parallel  effort 
will  be  directed  to  improve  the  control/ioadinq  systems  for  more  effective  mission  perfor¬ 
mance  simulation  in  the  test  programs.  Long-term  plans  are  to  provide  increased  main  rotor 
power  absorption  capacity  throuqh  a  proposed  expansion  of  the  present  transmission  test 
facility. 


.!■)-(> 


The  NAPC  transmission  test  facility  is  available  to  government  agencies  am!  industry 
contractors  in  the  United  States  and  the  NATO  nations.  The  costs  and  scheduling  of 
programs  will  be  determined  upon  application  to  the  Naval  Air  Systems  Command. 
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Fig. 3  Main  rotor  thrust  and  bending  loading  systems 
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Fig. 4  Isometric  view  of  RH-53I)  transmission  test  installation 


Fig. 5  Transmission  lest  facility  control  room  showing 
control/instrumcntation  consoles 


I  ig.fi  Main  rotor  shaft  strain  gage  anil  telemetry  installation 
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Tig. 7  Transmission  tost  facility  control  room  showing 
instrumentation/monitoring  consoles 


I  ig  X  CM-46T  aft  transnussion/nuxhox  test  installation 


Iig.lt  Waterbrake  power  absorption  system  simulating 
(11-461.  forward  transmission 
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RESUME 


11  n  systome  de  propulsion  a  "duree  de  vie  limitce"  doit  avoir  des  poussccs  mass  i  quo 
et  surfacique  et  line  consoiiimat  ion  specifique  performantes  tout  en  restant  simple  de  con¬ 
ception  pour  assurer  tin  tout  de  production  faible. 

A  ces  qualites  s'ajoutcnt  la  facilite  d '  i nt egrat ion  dans  la  cellule  (coefficient  de 
distension  d'entrec  d'air  clove,  equipements  concentres,  formes  gcncralcs  simples,  ...) 
et  1 ' acc omp 1 i s semen t  liable  de  la  mission  impart ie  (raise  en  oeuvre  et  demurrage ,  regula¬ 
tion  precise,  bonne  tenue  aux  sol  1 ic  i  tat  ions  de  1 ' env i ronnement ,  ...). 

Ees  essais  do  deve  1  oppement  et  de  qualification  de  production  sont  done  tres  diffe- 
rciits  ile  ceux  de  propul  seurs  d'acronefs  pilotes  :  la  premiere  part  ie  de  la  lecture  pie- 
sente  les  essais  principaux  realises  stir  Ie  turhoreacteur  MICROTURBO  TRI  (>0  dans  1c  cadre 
de  qua  t  re  programmes  d' adapt  at  ion  a  des  veliiculcs  sans  pi  lute. 

fa  seconde  partie  donne  quelrpics  indications  sur  des  solutions  retenues  en  vuc  d'ob- 
t  ell  i  r  mi  faible  cofit  de  production. 

i.  I’UE  sis  i  a  i  ion  mi  he.acthir  a  ihiri  i  m  vie  umieei.  tri  00-2 

En  l'.)_2,  la  Sociote  MICRUHIRBO  a  entrepris  le  dcveloppemcnt  d'un  rfacteur  de  missi¬ 
le  sans  pilote  cony  11  des  l'ortgine  pour  avoir  une  duree  do  vie  limitc’e  et  un  faible  cout 
de  production  : 

-  duree  de  vie  :  20  heures  et/ou  fid  cycles, 

-  100  francs  par  decanewtons  (10  dollars  par  livre  de  poussee). 

I.es  donnees  techniques,  en  l’abscnce  de  tout  programme  d'appl  icat  ion,  etuient  sim- 
p  1  i  f  i  c  c  s  : 


-  d  i  attic  t  re  maximal  .  .1.10  mm 

-  masse  tot  ale  .  50  kg 

-  poussee  maxi  male  .  300  daN 

-  consummation  specifique  ...  1,30  kg/daN.fi 


II  n’existait  de  mcmc  a  cette  epoque  aucun  reglemcnt  dont  l'analyse  puisse  servir 
de  guide  dans  la  conception  d'un  reactcur  :  cettc  liberte  a  etc  certaincment  un  element 
pus  1  t  1  I  . 

I. 'analyse  de  differents  cycles  t  he  rmody  nam  i  que  s  et  concepts  arch  i  tecturaux  a  dc'bou- 
che  sur  le  choix  d'un  turhoreacteur  a  vcine  axiale  dont  les  principaux  composants  sont  : 

-  carter  d'entrec  d'air  pouvant  contenir  1 'ensemble  des  accessoires, 

-  comprcsser.r  axial  a  3  etages, 

-  chambre  de  combustion  annulaire, 

-  turbine  axiale  mono-ctage. 

Ilormis  les  performances  excel  lentes  obtenues,  bon  nomhre  des  qualites  recherchees 
n'ont.  etc  rf voices  que  dans  le  cours  des  essais  de  deve  loppement  et  d '  appl  icat  ion  . 

I.a  planche  1  dccrit  Ic  turhoreacteur  ainsi  congu  : 


IIMUIU 
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Mt  INTAKE  Hill  CNMCSSM  SECTIM  CNUWI  SECTION 


I’ lane  he  1 


I.  'amel  iorat  ion  progressive  des  com  pcsants  ct  leur  meilleure  adaptation  reciproque 
condu  i  s  i  rent  atix  performances  actuelles  suivantcs  : 

-  diainetre  maximal  .  330  mm  (maintenu) 

-  masse  totale  .  4S  kg  (reduction  10  1) 

-  poussee  maximale  .  370  daN  (augmentation  23  ") 

-  consummation  specifique  ...  1,30  kg/daN.h  (maintenue) 

A  ce  jour,  quatre  programmes  utilisent  le  reacteur  TRI  60,  preuve  de  la  justesse 
des  choix  initiaux  : 

-  deux  programmes  concernent  des  engi ns-c ibles  pour  lesquels  1 'adaptation  du  syste- 
me  global  de  propulsion,  monte  en  pod  a  l'exterieur  du  fuselage,  a  etc?  part  icul  ierement 
aisee  :  la  planche  2  demontre  la  facilite  d  *  i  nt  egrat  i  on  des  equipements  peri  pher  iques  . 
l.es  eng  i  ns-c  i  b  les  SNIAS  C22  et  BKKCH  VSTT  poursuivent  leurs  essais  de  deve  1  oppemen  t  et 

d  '  eva lua  t i on . 


TARGET  DRONE 

Planche  2 


-  deux  programmes  concernent  des  missiles  anti-navires  pour  lesquels  cette  integra¬ 
tion  est  encore  plus  simple  :  la  planche  3  parle  d'elle-meme.  Ces  deux  applications  sont 
les  missiles  BAeDC  SKA  KAGLK  et  SAAB  RB  IS. 


ONE  SHOT  MISSILE 


Planche  3 


2.  KSSA1S  Ill-;  DKVKLOI’P KMKNT 


2.1.  Independamment  d'une  quelconque  application,  de  nombreux  essa*s  de  deve 1 oppement 
ont  eu  pour  but  de  caractcriser  le  domaine  de  vol  du  reacteur  TRI  60.  Sous  cet  aspect,  le 
essais  intrinseques  d'un  propulseur  a  duree  de  vie  limitee  different  peu  de  ccux  d'un  pro 
pulseur  normal,  si  ce  n'est  par  la  difficulty  liee  au  faible  nombre  d'heures  allouf  pour 
conduire  l'essai  et  a  la  recherche  systematique  des  limites  :  la  qualification  d’un  domai 
ne  de  vol  requiert  a  lui  seul  la  duree  normale  de  vie  escomptee  compte  tenu  de  son  utili¬ 
sation  pendant  une  bonne  partie  de  ce  temps  a  la  limite  du  niveau  maximal  des  contraintes 
calculdes  mecaniques  et/ou  thermiques.  l.es  bancs  d'essais  MICROTURBO  et  ClPr  ont  etc  uti¬ 
lises  pour  demontrer  le  domaine  de  vol  initial  de  la  planche  4. 

EN6INE  DEMONSTRATED  FLIGHT  ENVELOPE 


Planche  4 


2.2.  A  cette  demonstration  des  performances  s'ajoute  la  recherche  d’une  duree  de  vie 
initiate  grace  a  un  essai  d'endurance  accelerc.  l.e  programme  utilise  est  celui  de  I’lJS 
Air  force  (plain  he  5)  part  icul i cremcnt  severe  pour  ce  qui  est  du  temps  d ' app 1 i cat i on  de 
la  puissance  maximale  (TOT)  an  point  fixe  au  sol,  done  a  un  niveau  tbermique  majore.  Ces 
essais  se  sont  deroulcs  pr  inc  ipalement  sur  les  bancs  d'essais  Ofl’r  et  PORT-LUST  I S  (USA). 
A  ce  jour,  les  reacteurs  TRI  bO  ont  accumulc  plus  de  4 SO  heures  et  2  300  demurrages. 

ENIUIANCE  TEST  SCIEIULE  CYCLE 
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-  .mnexes  ont  etc  conduits  pendant  le  dove loppement  du 

temperature  de  peau,  dilatation,  survitesse,  sur- 
»  n.  at'  ell  vuc  d'etendre  les  performances  et  possibilites 


du  I  r.ii  r  *  <  t  ;■«  .! 
sa  t  1  s  t  .1  I  I  »•  »  .  r  I 

site  .  le  s  ra  i 


trui  a  duree  de  vie  limitec  differe  essent iel lement 
eJtrt,  les  conditions  d ' in  teg rat  ion  sont  difficiles  a 
he  de  1  mictions  simples  et  fiables  assurant  la  reus- 


3.1.  lustor  ■ 
t  h roll" 

p rem . e  r  lieu. 


-t  la  de  t  c  t  m  i  na  t  i  on  de  cette  qua  Lite  qui  a  etc  effectuoe  en 


la  p  i  i-mi'  n  it.ipi  a  1 1‘  l.i  i.  ai'.h  tiu  i  sat  ion  au  banc  du  niveau  acceptable  de  distor 
sion  que  pouvait  Mjppn!  hi  le  1 1 1 1  bo  r  e  a  v.  t  e  u  r  .  l.e  critere  choisi  est  le  DC  90  RR  obtenu  par 
un  obstacle  de  pe  r  i?  cub  i  1  1 1  f  v.u  i.ildt  ,  de  90  degies  d’extension  pe  r  i  pho  r  i  que  ,  s  i  t  uc  a  un 
diametre  en  amont  du  k  ompi  e**  seur .  Iinalement,  il  a  etc  demontre  qu'unc  plaque  plcine  n  'em 
pcchait  pas  le  demurrage,  1 ' ac c e 1 e i a t i on  et  le  f one t i onnemen t  du  rcacteur,  sans  dcchargc 
du  compresseur  la  valeur  k  c>  i  i  e spmidan  t  e  de  la  di  uorsion  a  etc  parallclemcnt  mesuree 


lour  chaque  application,  cet  essai  a  etc  repete  au  banc  on  en  soufflcric,  en  uti- 
lisant  l’entree  rcellc  du  missile,  de  maniere  a  qualifier  les  effets  d* incidence  ct  de  de 
rapage.  Les  i n s t a  1  1  a t  ions  utilisees  ont  etc  pr i nc i pa  1 ement  les  bancs  du  NCTL  et  dc  MICRO- 
TURBO  et  la  soufflcric  de  I  rONI.RA  a  MOPANL. 


La  planche  (>  resume  les  caracter  i  st  iques  demontrees. 

RESUME 

SUMMARY 

F8NCTI0NNEMENT  NON  PERTURBE 
BPERATIBN  UNAFFECTED 

BC  II  HR  *  -1,74 


REACTEBR  BEMMIE  ACCEL  ERE  FONCTIONNE 
ENIINE  STRRTS  ACCELERATES  ANB  RUNS 

1C  II  RR  9  -1,11 


Planche  (» 


.15  4 


5  .  J  .  l»emarrago  on  autorotation 

(-'utilisation  sin  les  missiles  ant  i  -  nav  i  res  impliquait  la  misc  on  oeuvre  dans  mi 
temps  minimal  :  les  specifications  initiates  demandaient  d'atteindre  90  %  du  regime  nomi¬ 
nal  on  5  secondes  a  compter  do  I'ejection  du  cache  d'entrce  d'air  ( larguge  d'avion)  on  du 
catapoltage  hors  du  container  flanceinent  d'un  bateau). 

rcnr  satisfaire  cette  condition,  il  a  etc  d'abord  envisage  d'utilisei  un  demarreur 
a  cartouche  Ipyro  demarreur)  assurant  la  mise  on  rotation  rapide  du  rotor.  I. a  planche 
del' in  it  les  ca  i  ac  te  r  i  st  iques  retenties. 


SPECIFICATION  DU  PYRODEMARREUR 
PYROSTARTER  SPECIFICATION 


MASSE  DE  POUDRE 

WE.GKT  OF  PROPELLANT 

0.45  kg 

MASSE  TOTALS  OU  DEMARREUR 
TOTAL  WEIGHT  OF  STARTER 

7.0  kg 

DUREE  DE  FONCTIONNEMENT 
OPERATING  TIME 

3,0  s 

Plane ho  7 

l.’epcndant  ,  dos  les  premiers  essais,  il  cst  apparu  quo  la  conception  axialc  dn 
reacteur  asuiiait  la  satisfaction  do  I'impcratif  par  1  '  ut  i  1  i  sat  ion  sonic  dc  l'autorota 

t  i  oil . 


l’oni  1  '  app  1  i  cat  i  on  uir-mcr,  la  sequence  cst  initiee  par  I’ejection  du  cache  eci- 
taut  1  '  aut  orota  t  i  on  pendant  lc  vol  port?.  Dans  le  memo  temps,  lc  robinet  pyrotechn  ique  <le 
i  a rhurant  et  les  deux  pyro  allumeurs  sont  mis  a  feu  :  plus  de  200  cycles  de  demurrage  ont 
ete  realises  sur  le  hanc  d'essai  NGTI..  l.a  planche  8  resume  la  loi  temps  de  demarrage  fone- 
tion  du  nomhre  de  Mach  au  moment  du  largage.  Les  performances  dc  demarrage  on  autorotation 
assurent  le  succes  de  la  mission  lors  dc  largages  a  altitude  tros  faihle. 


DURATION  OF  WINDMILLING  START  AT  S.L 
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Planche  S 


ALTITUDE  AND  AIRSPEED  DURING 
SURFACE -TO  SURFACE  LAUNCH 

i  m 

♦ 


i’i'iir  l  '  app  1  i  ca  t  i  on  mer-mer,  la  mi  so  en  vitesse  cst  ohtenue  par  la  fusee  d’ accele¬ 
ration  du  missile  a  la  fin  de  cette  phase,  le  missile  atteint  line  altitude  de  quelqucs 
cental nes  de  unties  et  une  vitesse  voisine  de  la  vitesse  de  croisiere. 

I.a  planche  11  schematise  la  variation  vies  paranutres  altitude  et  vitesse  en  func¬ 
tion  <!u  temps,  fa  validation  de  fa  possibifite  do  flemarrage  cn  nutorotnt ion  da/?  s  de  tel¬ 
le  s  conditions  cst  faito  en  utilisant  un  chariot  propulse  par  fusees,  sur  un  rail,  sup¬ 
port  ant  une  maquette  du  missile  comport  ant  le  reacteur  et  1  'entree  d'air  reelle.  Cette 
installation  a  etc  real  i  see  par  le  ('ll..  I.a  phase  de  propulsion  accelerce  dure  moins  vie 
b  secondes  sous  une  acceleration  pouvant  et  re  ajustee  a  la  valour  requise,  suivie  vl'une 
croisiere  vie  J  secondes  au  moins  a  vitesse  lcgerement  dec  ro  i  ssan  t  e ,  tenninee  par  un  frei- 
na  ge  hy  d  rau  1  i  quo  . 

la  satisfaction  des  specifications  de  mi se  en  oeuvre  rapide  en  autorotation  impo¬ 
se  pour  sa  part  au  missilier  de  rour»ir  au  plus  tot  le  »  .irbin.int  ,  la  duree  vie  transit 
tlans  les  fuvauteries  et  la  ramp<  '*  inject  ion  pouvant  afteinJre  mi  depasser  le  temps  de 
denim  rage  proprement  dit. 


Acc i*  1  ra t  i oils  ('ll  lone  t  ionnement 


1  1  app  1  i  tat  i  on  ilu  I'RI  (>o  a  Jos  engins  catapultos  a  impose  la  demonstration  Jc  scs 
(.apatites  de  supporter  Jes  ac coif  rat  ions  long i 1 ud ina les  importantes  tant  a  la  raise  en  vol 
qu  •  a  la  recuperat  ion.  lies  essais  out  ete  realises  an  (TAT  sur  line  eatapulte  pneuraat  ique 
et  les  resultats  obtemis  sent  resumes  a  la  plant  he  10. 


STRUCTURAL  LOADING  LIMITS  (COMPUTATION) 
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s.I.  Immersion  et  re f ourh i ssago 

II  est  essentiel  quo  le  reacteur  d '  tin  cngin-cihle  puisse  etre  remis  en  oeuvre 
apres  une  recupe  r.i  t  i  on  en  mer.  la  plain  he  II  resume  le  cycle  auque!  est  soumis  en  essai 
un  reat  t  eu  r  11(1  no.  I  ’  i  ns  t  a  1  1  a  t  i  on  sur  missile  est  conyue  pour  quo  1 'ensemble  de  ces 
operations  s'eiiettue  >ans  depose  tin  reacteur  ;  la  revision  en  atelier  est  envisagee  apres 
in  to  Is  cvcles.  CTClf  FINCTIINNEMINT  IMMERSIIN  REEIIRIISSRIE 

RPER1TIIN  IMMERSIIN  REFIRIISIINI  CYCLE 


FINCTIRNNEMENT 

IFERITNN 

„  mi 

»  >1  Mil 

IMMERSIIN  ill  NS  L  E1U  SllEE 
IMMERSIIN  IN  SILT  WRIER 

,  REVRES 
=  5  RIIRS 

HR  1MRI1NT 

EXFRSRRE  IS  ARNIIENT 

.  REURE 

“  1  RIMR 

1RRIS1RE  Ell  RIICE  IV 

IMMERSIIN  Ell  MICE 

W1SIINI  WITI  FRESI  WITER  91 
IMMIRSIIN  IN  FRESI  WITER 

da  5  a  15  ran 

fra*  S  t*  IS  rail 

VENTIllTIIN  SECIE 

IRY  CRINR 

la  1  i  2  ran 
frira  1  ta  2  min 

TR1ITEMENT  FINIL 

ENI  TRE1TMENT 

la  1  a  Sran 

Iran  3  ta  Stain 

1’  1  anthe  1  1 

1 .  i  .  Vi  h  ra  t  i  oils 

lint  pendant  le  vol  porte  on  le  stockagc  sur  un  pont  de  bateau,  quo  pendant  le  vol 
dn  missile,  le  reacteur  est  soumis  a  un  env i ronnement  vibratoire  important. 

<  ependant  ,  la  validation  de  la  tenue  du  reacteur  est  etioitement  lice  a  la  manie- 
re  dim t  est  conduit  un  tel  essai  et  en  particulier  a  la  fagon  dont  les  vibrations  sont 
transmises  p.i  i  la  structure  :  un  tel  essai  sc  fait  en  etroite  collaboration  avec  le  mis- 
s  i  1  i  e  i  . 

1.  I  nlIRsll  I  1 1  HI  S  I’RUCRAMMI.S 

Hans  le  cadre  des  quatre  programmes  utilisant  le  TRI  (>0,  un  certain  nombre  d'os- 
s.iis  est  en  coins  mi  rcstc  a  lairc 

-  diagramme  des  vi tosses  et  temperatures  du  jet, 

-  signature  infrarouge,  naturellc  et  augmentee, 

-  ingest i on  d ’ eau , 

-  attitude, 

ainsi  quo  la  validation  de  toute  nouvellc  solution  assurant  une  mcillcurc  adaptation  a  la 
mission  i mpa r  t i e . 


S.  IXI’IKlIMi;  DP  PRODUCTION 


Des  son  origine,  lc  programme  TR1  <>0  a  etc  conduit  aver  lc  souci  principal  d'une 
production  a  luble  tout . 

Dos  solutions  originales  ont  etc  dcveloppecs ,certa  ines  n'ont  pas  etc  retenues, 
comme  par  exemple  le  collage  reduisant  la  demon  tab  i  1  i  1 6 .  Ma  i  s  la  qua] i to  cr.scntielle  re¬ 
side  dans  la  simplicity  de  1  '  architecture  :  le  TRI  00  comporte  en  ef’l'et  20  pieces  princi- 
pales  (planche  Id)  : 

-  alliage  lcger  taillc  .  0 

-  alliage  leger  cotile  .  S 

-  ac i er  spec  ia  1  coule  .  d 


Planche  Id 

Dans  la  phase  de  dfve 1 oppemen t  ct  en  1'absence  d'outillages  importants,  certaines 
pieces  ont  etc  obtcnues  par  usinage  convent ionnel  :  an  fur  et  a  mesure  de  la  creation  des 
out i llages,  les  pieces  de  production  ont  etc  incorporccs  dans  le  rfacteur  et  soumises  a 
des  essais  de  qualification  de  performances  et  d'endurance  acceleree. 

In  conclusion  de  cet  effort  de  conception,  le  TRI  60  est  de  loin  le  moins  cher 
des  rcacteurs  a  "duree  de  vie  Iimitfie"  de  sa  classe  en  regard  des  performances  et  des 
qualites  offertcs. 

Ramenc  aux  conditions  economiques  de  1972,  le  prix  au  daN  du  rcacteur  TRI  60,  en 
production  de  seric,  est  cgal  a  102  francs,  l'objectif  global  fixe  il  y  a  8  ans  a  done 
et?  atteint  (planche  13). 


CARACTERISTIQUE 

CHARACTERISTICS 

VALEUR  PROJETEE 
TAR6ETS 

VALEUR  OBTENUE 
ACHIEVED 

ECART 

DIFFERENCES 

DUREE  DE  VIE 

ENRINE  LIFE 

21  !m"75,c»c,m 

NEANT 

NONE 

PRIX  ID  OECINEWTON 

COST  PER  DaN  OF  TDRNST 

IDRFraacs 

IDZFraact 

2% 

OIAMETRE  MAXIMAL 

MAJOR  DIAMETER 

331mm 

330mm 

NEANT 

NONE 

MASSE  TDTALE 

TOTAL  WEIIRT 

Slh| 

4Sk| 

-IIS 

PDOSSEE  MAXIMAL 
MAXIMUM  THRUST 

3RD DaN 

371 UaN 

♦  23% 

CONSIMMATION  SPECIFIfUE 
S-F-C 

140 

wo 

NEANT 

NONE 

Planche  13 


DISCUSSION 


J  (  Ripoll.  D  I  (  A  .  I  r 

l  lu'  engines  mounted  mi  vehicles  are  used  alter  a  Ions;  period  ol  storage,  virtually  new  .  and  must  demonstrate  the 
reliability  ol  their  start  mg  potential  ill  tills  state  I  low  is  t  Ins  taken  into  account .  il  necessary  .  in  1  lie  tests  which  are 
normally  conducted  at  a  last  rate  on  a  single  machine'.’ 

Author's  Reply 

During  the  lirst  part  ol  the  development  programme,  starting  tests  were  conducted,  close  to  each  other,  with  a 
single  engine  lor  a  given  i  list  alia'  ion.  even  when  tests  were  repealed  with  il  liferent  engines,  t  Ins  was  only 
demonstrating  starting  reliability  of  a  new  engine 

Starting  Reliability  of  a  long-stored  engine  will  he  demonstrated  with  the  follow  ing  programme 

acceptance  test  of  engine  as  new. 
preparation  tor  storage  life: 

simulation  of  accelerated  storage  life  (up  to  h  years  in  a  period  of  <>  months), 
demonstration  of  starting  reliability  in  a  simulated  environment. 

A  total  ol  4  engines  will  he  used  in  J  main  programmes. 


Albert  A  Martino,  N  A  IM  .  US 

Regarding  the  “one-shot  missile"  how  do  you  plan  to  lubricate  this  engine,  and  how  do  you  plan  to 
experimentally  verily  this  capability? 

Author's  Reply 

I  kl  <)0  is  basically  designed  with  a  lubrication-loop  system  which  necessitates  an  oil  capacity  . 

In  the  case  of  a  target-drone  application  i.e.  a  flight  duration  capability  of  more  than  2  hours,  an  oil  tank  is  supplied 
w  Inch  is  w  rapped  around  the  compression  section  and  lias  a  useable  capacity  of  o()0  ec. 

I  or  a  "one-shot  missile",  the  flight  duration  will  not  exceeed  40  minutes.  The  air  intake  casing  capacity  of  200  ec 
is  i|iute  sufficient  as  the  average  oil  consumption  is  40  cv  and  piping  and  hearing  capacity  is  less  than  SO  ec. 


RH. Blake.  Rolls-Royce  1  td.  UK 

W  hat  sort  ol  Production  Proof  testing  is  carried  out  in  the  light  of  the  short  life  of  the  engine  ’ 

Author's  Reply 

At  the  end  ol  the  development  and  evaluation  phases  the  I  Kl  <>0  propulsion  system  will  be  trn/eii  lor  the  corres¬ 
ponding  application 

I  bis  definition  will  then  he  launched  ill  production  and  the  first  4  units  will  he  used  to  conduct  a  complete 
programme  of  production  i|uahlicatiou  summuri/ing  the  main  steps  ol  the  initial  phases  as 
performances  in  the  flight  envelope: 
starting  reliability  : 
v  ihralinns  and  shocks, 
environmental  condit ions; 
long  storage  hie 
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PREDICTION  OF  FUTURE  TEST  NEEDS.  TEST  FACILITIES  AND  PROCEDURES 

In 

I  rk'  I  Abell 

USAF  Aeronautical  Systems  Division 
Deputy  tor  Propulsion 
AS  I)  AVI 

Wright -Patterson  A I  It 
( )hio  t  ’SA 


INTRODUCTION 

rite  requirements  lor  limin'  military  turbine  engine  testing  will  relleet  a  more  reasonable  and  rational  balance 
between  the  types  of  validation  necessary  to  provide  satisfactory  operational  weapon  systems.  In  the  past  a  large 
emphasis  has  been  placed  on  the  aerodynamic  and  thermodynamic  aspects  of  the  engine.  Durability  and  reliability  have 
tended  to  be  assigned  lesser  priority.  I  bis  situation  has  led  to  problems  and  failures  of  engines  in  operational  service. 

These  problems  have  resulted  in  a  re-examination  by  the  DSAF  of  the  type  and  methods  associated  with  qualifica¬ 
tion  of  military  gas  turbine  engines  During  this  examination  it  became  evident  that  re-emphasis  on  the  durability  aspects 
of  the  engine  was  necessary.  It  was  also  recognized  that  a  balanced  approach  to  address  all  aspects  of  engine  requirements 
was  the  best  approach  to  meeting  the  needs  of  the  USAI  operating  and  support  organizations. 


TYPES  OF  TESTING 

1  he  development  and  qualification  testing  of  turbine  engines  for  military  applications  and  indeed  for  commercial 
applications  can  be  classified  in  three  broad  categories.  Performance.  Operability,  and  Durability.  Performance  is 
generally  considered  the  thrust,  airflow  and  luel  tlow  associated  with  the  particular  design.  T  hese  parameters  arc  most 
critical  for  system  range,  payload  and  maneuverability.  Operability  is  defined  here  as  response  to  throttle  and  vary  ing 
engine  inlet  conditions.  I  his  area  is  heavily  concerned  with  the  engine  control  equipped  with  an  afterburner  or 
auginenlor.  the  characteristics  of  that  device.  Durability  involves  the  rest  of  the  engine  requirements  such  as  low  cycle 
fatigue  life,  stress  rupture  or  creep  life.  Foreign  ( fined  Damage  f  FOD)  resistance,  and  other  mechanical  aspects  of  the 
design. 

As  a  broad  generalization,  each  ol  these  categories  of  testing  can  be  considered  equally  important.  However,  when  a 
particular  weapon  system  or  application  is  involved,  some  ty  pes  ol  requirements  can  be  emphasized  over  others,  l  or 
example,  the  direct  operating  costs  of  transport  aircraft  are  largely  driven  by  the  amount  of  fuel  consumed.  Thus,  a  trans¬ 
port  engine  program  w  ill  most  likely  concentrate  heavily  on  the  performance  aspects  during  development .  A  fighter 
aircraft  depends  on  a  smoothly  operating  and  responsive  engine  over  a  wide  variety  ol  operating  conditions.  In  such  a 
case,  the  operability  side  may  receive  increased  emphasis 

However,  it  is  important  to  recognize  the  necessity  for  keeping  the  durability  part  of  the  program  on  an  equal  level 
with  the  other  areas.  It  makes  little  sense  to  have  an  efficient .  smooth  responding  engine  if  it  is  continually  in  the  shop 
undergoing  repairs  or  maintenance. 


PAST  PROC  EDURES 

Performance  testing  has  been  relatively  successful  in  the  past.  While  it  is  a  difficult  and  trying  problem  to  assure  the 
necessary  accuracy  and  repeatability  of  measurements  of  engine  airflow  and  thrust,  facilities  such  as  USAF  Arnold 
Engineering  Development  Center  and  the  USN  Naval  Air  Propulsion  Center  have  been  able  to  provide  excellent  measure¬ 
ments  ol  these  parameters  to  the  satisfaction  of  all  concerned. 

File  area  ol  operability  has  received  increased  emphasis  m  the  past  ten  to  fifteen  years  It  is  not  coincident  that  tins 
tune  period  has  seen  the  introduction  of  augmented  turholan  engines.  T  he  interaction  between  the  augmentor  and  the 
compression  system  has  resulted  in  increased  complexity  and  potential  problem  areas.  Use  of  inlet  simulators  and  screens 
tor  generation  of  distortion  have  been  the  prime  method  of  evaluating  the  operability  characteristics  of  the  engine. 


I  >  picul  recent  development  programs  have  tallcil  lor  i-vakialion  of  the  engines  stall  margin.  augmentor  lilow -out  ami 
relight  characteristics  ami  main  engine  hlow-ont  ami  airstart  I'ltvi'lopi's. 

I  Im  tmal  area  ol  durability  has  been  addressed  to  a  lessor  extent  in  past  programs  Heavy  reliance  was  placed  on  the 
I  50  hour  emluran  e  test  as  the  primary  indicator  ol  engine  hie  and  reliability.  As  the  engine  thrust  to  weight  ratio  has 
increased  and  increasingly  sophisticated  and  exotic  materials  and  manufacturing  processes  have  been  introduced  into 
engines  the  I  50  hour  test  has  become  less  reliable  as  an  indication  of  the  durability  of  the  engine  failure  inodes  such  as 
low  cycle  laligue  and  rapid  crack  propagation  were  not  adequately  addressed  in  these  types  of  tests 

I  he  I  50  hour  endurance  test  tended  to  concentrate  on  the  time-al-temperature  aspects  ol  the  engine,  that  is  creep 
and  stress  rupture  ol  failures  fills  was  a  recognition  that  early  turbine  engines  were  limited  by  such  failure  modes 
rherelore.  the  durability  testing  was  driven  to  show  that  the  engine  hot  section  (combustor  and  turbine )  could  withstand 
the  required  times  at  elevated  temperature  and  only  a  limited  examination  of  the  cyclic  loading  of  the  engine  was  made 

CURRENT  PRACTK'LS 

I  he  area  ol  performance  testing  appears  to  have  reached  a  plateau.  Current  facilities  have  adequate  capability  to 
define  engine  characteristics  to  a  level  sufficient  lor  most  needs.  Additional  refinements  are  necessary  and  are 
continuing  primarily  in  data  acquisition  and  reduction  There  is  also  a  need  to  handle  the  smaller  engines  that  are  being 
used  m  such  sy  stems  as  t  he  Air  1  atinehed  (  rinse  Missile,  and  New  ( icncrat  ion  Trainer.  I  lie  ability  to  provide  comparable 
measurements  on  an  engine  that  produces  <>()()  pounds  of  thrust  as  opposed  to  40.000  pounds  of  thrust  is  a  difficult  task 
I  he  primary  problem  is  one  ol  accuracy .  A  live  pound  error  in  thrust  is  negligible  on  the  large  engine  but  is  almost  one 
percent  on  the  small  one  I  lie  discrepancy  mcieases  with  altitude  to  the  point  where  tile  same  absolute  level  can  he  a  live 
percent  error. 

( fpvrahility  is  being  addressed  via  the  use  ol  screens  and  inlet  simulators.  This  type  of  engine-inlet  testing  is 
extremely  useful  when  coupled  with  the  analy  tical  tools  to  predict  engine  stability,  file  use  of  screens  has  a  drawback 
since  they  only  represent  the  inlet  at  one  condition  As  the  engine  airflow  changes,  the  resulting  distortion  from  the 
screen  changes  finis  a  series  ol  screens  is  necessary  to  cover  the  extremes  of  the  envelope,  file  use  of  an  inlet  simulator 
is  a  partial  answer  to  this  problem 

Ihe  problem  with  such  a  device  is  a  possibility  it  will  not  reflect  the  real  aircraft  configuration.  Another  objection 
to  the  use  of  a  simulator  is  its  inability  to  provide  vary  mg  angle  of  attack  capability  where  most  of  the  distortion  is 
generated,  f  inally .  since  the  engine  design  must  start  earlier  than  the  aircraft  and  the  inlet  may  undergo  several  iterations, 
the  expense  of  such  a  simulator  may  not  be  warranted. 

Another  area  of  concern  in  operability  testing  is  the  capability  of  the  facility  to  maintain  the  proper  conditions  of 
inlet  temperature  and  pressure  while  the  engine  is  undergoing  a  throttle  transient.  With  airflow  changes  of  500';  common 
in  turbofan  engines,  it  is  difficult  to  supply  air  that  represents  a  constant  flight  condition  or  predictable  (light  path 

f  or  these  and  other  reasons,  while  operability  testing  in  current  facilities  is  thorough,  a  heavy  dependence  oil  flight 
testing  is  necessary  .  It  is  in  the  operability  area  that  the  preponderance  of  propulsion  system  (light  testing  is  concentrated 
particularly  for  lighter  and  attack  aircraft,  f  light  test  is  currently  the  only  way  the  true  inlet  and  environmental  condi¬ 
tions  can  be  experienced. 

It  is  in  the  area  of  durability  testing  that  the  most  recent  changes  in  USAF  development  and  qualification  testing 
have  occurred.  The  current  series  of  engines  recently  developed  including  the  FI  00.  flOl .  and  F4U4  have  adopted  a 
procedure  known  as  the  Accelerated  Mission  Test  or  AM  I  .  This  test  replaces  the  historical  150  hour  endurance  test,  flic 
AM  I  philosophy  is  to  attempt  to  identify  the  structurally  damaging  events  caused  by  power  level  changes  and  time  at  high 
temperature  and  duplicate  them  In  this  type  of  lest,  a  one  for  one  correspondence  with  the  time  at  high  temperature 
and  major  power  level  changes  (near  idle  to  military  power  and  return)  from  actual  or  projected  use  is  achieved.  Less 
damaging  tune  such  as  cruise  power,  aircraft  warm-up  and  taxi  descent  time  is  eliminated.  While  this  time  may  contribute 
to  wear  out  and  eventual  failure  of  bearings,  gears,  seals,  and  the  like,  it  is  believed  that  attempting  to  evaluate  these  modes 
in  an  expensive  engine  test  is  not  cost  effective  flic  approach  in  current  use  is  to  conduct  specific  rig  and  component 
tests  on  these  types  ol  devices  This  provides  the  necessary  real  time  information  associated  with  wear  out  modes. 

[  lie  use  ol  AM  I  has  increased  significantly  within  the  USAF  in  the  recent  past.  Not  only  do  the  current  develop¬ 
ment  engines  mentioned  earlier  rely  on  AM  I"  procedures  but  also  existing  older  operational  engines  such  as  the  1150  and 
1 141  are  using  AM  I  s  to  investigate  service  problems  and  potential  solutions.  The  largest  benefit  of  the  AM  1  is  the 
ability  to  accumulate  large  amounts  ol  equivalent  time  on  the  high  cost  and  critical  parts  of  an  engine  Determining  the 
life  ol  such  essential  items  as  discs,  turbine  airfoils,  fan  blades  and  pressure  vessels  provides  the  needed  confidence  for 
predicting  a  successful  service  experience  with  the  engine. 

He  mg  able  to  accelerate  the  tune  necessary  to  verify  low  cycle  fatigue  and  time  at  temperature  life  reduces  both  the 
time  and  cost  associated  with  verification  testing  A  recent  four  week  test  on  the  IISAF  development  engine  resulted  in 
the  accumulation  of  the  same  number  of  low  cycle  fatigue  cycles  and  time  at  high  turbine  temperature  as  the  engine 
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would  l>  pic.illy  accumulate  in  three  years  <>l  service  use  fills  is  due  to  two  tailors  Ilk'  test  was  run  on  a  round  I  he 
clock  si  lual u le  with  the  only  interruption  lor  rouline  servicing  ami  inspection  I  lie  second  factor  was  the  acceleration 
or  compression  of  lime  associated  with  the  AM  I  philosophy  t  his  results  in  a  2.5  acceleration  lor  a  typical  lighter 
atri i .1  It  to  It)  01  more  lor  a  transport  engine  In  other  words,  one  hour  ill  an  AM  I  program  represents  2.5,  1 0  or  more 
hours  in  seriice  use 


KUTliRt  APPROACHES 

Hie  area  ot  engine  performance  testing  appears  to  he  on  the  most  solid  ground  regarding  current  capabilities  vs 
protected  future  needs  We  expect  that  with  the  ever  increasing  fuel  costs,  a  renewed  emphasis  will  he  placed  on  factors 
that  ellect  fuel  consumption.  Items  such  as  active  clearance  control,  more  efficient  compressors  and  turbines  and 
reduced  cooling  system  losses  will  need  a  thorough  evaluation 

t  his  will  result  in  the  current  testing  techniques  lor  performance  qualification  being  generally  adequate  for  deter¬ 
mination  ot  the  overall  engine  characteristics.  Much  more  detailed  development  testing  will  be  required  to  define  and 
improve  specific  components  ot  the  engine  I  expect  that  the  need  will  exist  for  advances  in  instrumentation  and 
measurement  techniques  to  define  which  area  requires  additional  development  and  refinement. 

I  lie  current  state-ol-the-art  is  such  that  it  is  difficult  to  determine  where  performance  shortcomings  exist  I  lie  use 
ot  rig  tests  to  define  component  performance  levels  is  an  area  of  promise  that  will  likely  see  increasing  use.  Such  testing 
can  result  in  a  sound  understanding  of  the  basic  capability  ol  the  component,  file  problem  is  and  continues  to  he  one  ot 
how  the  engine  as  a  system  responds  Difficulties  m  analytical  predictions  ol  the  effects  of  parasite  losses  and  cooling 
lion s  can  have  a  significant  impact  on  the  overall  performance  ol  the  engine  Hus  is  where  the  emphasis  will  need  to  he 
plan’ll  m  t  lit  tire  performance  testing 

I  he  problem  is  especially  acute  in  the  smaller  engine.  It  lias  been  said  there  is  one  thing  wrong  with  heavily 
instrumenting  engines  I  he  instrumentation  disturbs  the  flow  and  then  it  tells  the  observer  what  it  is.  With  How  passages 
in  a  small  engine  ol  below  a  centimeter  in  si/e.  it  is  difficult  to  obtain  accurate  measurements  to  determine  whether  the 
design  intent  is  being  met  Perhaps  the  only  solution  is  the  use  of  optical  instruments  such  as  laser  velocimeters  and 
py  minders 

( tperabihty  testing  remains  in  an  evolutionary  state  While  the  use  of  screens  is  adequate  for  go-  no  go  type  testing, 
a  need  exists  to  develop  techniques  and  equipment  to  more  realistically  simulate  the  actual  environment  the  engine  sees. 
Iwo  I.K ilitics  m  the  l  SAI  that  will  address  this  problem  are  currently  being  developed,  the  Aeropropulsioil  System  Test 
I  .is  ility  l  AS  1 1  i  at  Arnold  I  ngmeering  Development  Center  (Al  1)0  and  the  Compressor  Research  facility  (CKI')at 
W right  l’atterson  Al  If 

I  lie  AS  I  I  is  being  designed  to  provide  the  capability  to  more  closely  follow  the  transient  characteristics  of  the 
engine  I  Ins  should  permit  a  truer  determination  of  the  engine's  capability  to  respond  to  rapid  throttle  transients  and 
inlet  pressure  and  temperature  i  lianges  I  Ins  facility  is  also  planned  to  have  the  ultimate  capability  to  test  in  a  free 
let  mode  I  ntire  inlet  systems  can  be  installed  m  the  test  chamber.  Variations  in  angle  of  attack  and  sideslip  can  be 
evaluated  prior  to  lliglil  test  I  lie  facility  will  also  have  a  sophisticated  data  reduction  system  to  evaluate  on  line  the 
results  ot  tests 

I  he  (  Rl  will  be  capable  ol  testing  Ihe  compression  system  with  the  actual  inlet  pressure  and  temperature  expected 
hi  lliglil  fins  is  hi  contrast  to  the  standard  practice  ol  operating  at  reduced  inlet  conditions  in  order  to  meet  available 
power  requirements,  fins  lacihty  will  thus  result  in  an  early  definition  of  the  compression  system  performance, 
operability  .  and  blade  vibration  characteristics  and  thus  reduce  the  risk  for  a  full  scale  development.  It  will  also  evaluate 
promising  research  avenues  m  the  most  realistic  environment  short  ot  an  actual  engine. 

Another  test  technique  that  will  come  into  prominence  is  control  system  rigs  Such  rigs  permit  a  complete  simula¬ 
tion  ol  the  controls,  actuators  and  sensors  of  a  turbine  engine.  As  additional  complexity  such  as  variable  cycle  designs 
and  coupled  engine  inlet  controls,  the  need  will  continue  to  grow  to  evaluate  the  total  system  response.  In  the  past,  we 
have  occasionally  been  surprised  by  the  control  integration  task  and  the  way  various  control  component  and  sensors 
have  communicated  i  he  system  rig  can  go  far  to  uncover  these  pitfalls  before  they  have  the  chance  to  cause  an  engine 
failure. 

Operability  testing  will  continue  to  rely  heavily  on  lliglil  test  Regardless  of  the  capability  to  better  simulate  inlet 
conditions  on  the  ground,  the  final  answer  can  only  be  determined  in  the  actual  environment  The  advances  in  ground 
test  will  reduce  the  risk  ol  problems,  but  it  still  will  be  necessary  to  conduct  a  thorough  flight  test  program  If  the  engine 
is  not  thoroughly  evaluated  in  lliglil  with  the  entire  aircraft  system  functional,  the  developer  can  be  led  into  a  false  sense 
ol  security  and  be  surprised  by  operational  problems  down  stream  when  the  solution  may  be  extremely  difficult  to 
implement 

The  final  topic  involves  the  use  ol  durability  testing.  The  major  new  thrust  concerns  the  application  the  damage 
tolerance  or  fracture  mechanics  approach  to  design  of  critical  parts  of  the  engine.  This  approach,  currently  being  applied 
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to  tin-  I  100  engine  anil  planned  lor  future  engines.  is  associated  with  (lie  requirement  lo  assume  tli.il  .1  ll.iw  1 11.1t  is  ins' 
below  (he  level  of  inspection  vleteetihility  can  exist  in  the  part.  An  analysis  is  then  performed  to  ileternnne  how  limp  the 
engine  can  operate  with  the  crack  growing  vine  to  cyclic  loading  or  temperature  loads.  Inspections  ol  the  parts  uic  then 
scheduled  lo  prevent  the  crack  {trowing  to  a  critical  si/e  in  operational  service. 

file  use  ol  this  approach  will  rely  heavily  on  the  AM  I  and  engine  internal  environment  measurements  to  veufy  1  rai  k 
growth  rates  in  the  engine  lo  insure  the  accuracy  ol  the  predicted  growth  rates,  a  better  understanding  ol  the  engine 
environment  is  clearly  necessary  I  Ins  will  require  the  use  ol  heavily  instrumented  lest  engines  to  measure  Hie  tempera¬ 
tures  and  strains  the  part  undergoes  in  the  engine.  I  lie  AM  I  is  the  primary  tool  that  verifies  the  actual  crack  growth  rales 
future  AM  I  s  will  include  the  actual  running  ol  cracked  rotating  parts  such  as  spacers  and  discs  to  verily  the  crack 
propagation  rates  I  his  will  also  he  increased  reliance  on  component  testing  in  spin  pits  or  "lerris  wheels"  to  load  the 
discs  and  shafts  and  determine  crack  growth  rales.  A  key  need  is  to  develop  facilities  that  accurately  simulate  the  rapid 
thermal  changes  that  an  engine  part  sees  in  a  power  cycle  Current  pits  with  lew  exceptions  have  relatively  slow  thermal 
response  characteristics  or  unable  to  accurately  simulate  gradients  from  bore  to  run.  I  liey  are  also  required  to  run  under 
evacuated  conditions  to  limit  the  drive  horsepower  requirements.  I  bis  is  an  acceptable  limitation  since  the  centrifugal 
load  and  airfoil  gas  load  can  be  adequately  simulated  in  current  designs  As  new  and  novel  blade  attachment  designs 
appeal .  this  limitation  will  require  re-examination. 

1  he  l  S.-M  is  considering  construction  of  a  new  facility  to  evaluate  the  impact  o|  maneuvers  on  engine  durability 
I  he  1 11 1  In ne  I  ngme  I  oad  Simulator  (  TI  L  S)  proposed  for  Af  IK  would  subtect  .1  full  engine  to  maneuver  forces  by 
rotating  the  engine  at  the  end  of  an  arm  while  simultaneously  spinning  the  engine  I  lie  lacility  is  also  planned  to  have 
VKay  capability  to  check  internal  motion  and  clearances.  Such  a  test  capability  would  be  used  to  examine  bending  loads 
induced  by  g  forces  and  gy  roscopic  moments. 

flight  tests  also  has  a  role  to  play  in  the  durability  area  AMI  s  are  based  on  projected  missions  and  the  damaging 
events  determined  Iron)  these  missions.  As  tactics  and  operational  missions  evolve  it  is  occasionally  necessary  to  update 
the  AM  I  to  relied  this  fact,  flight  lest  can  provide  an  early  verification  ol  the  projected  mission.  One  of  the  current 
I  S  Af  limited  development  programs  has  as  a  prime  objective  conducting  a  series  of  High!  lests  to  validate  the  mission 
used  to  evaluate  the  engine  design  It  is  essential  that  such  flight  test  objectives  be  recognized  and  completed  to  improve 
the  insight  into  the  engine  design  and  expected  life. 

I  would  like  to  make  a  final  note  about  durability  testing.  We  must  recognize  a  turbine  engine  is  a  very  sophisticated 
and  complex  device.  I  his  lad  should  cause  us  to  expect  occasional  surprises  and  failures.  No  matter  lurw  hard  we  try 
and  how  sophisticated  our  techniques  become,  (he  unknown  unknowns  will  still  be  there.  We  can  and  will  do  better  but 
perfection  is  probably  beyond  our  reach 

CONCLUSION 

A  fact  to  remember  as  we  evolve  our  test  techniques  is  that  the  test  is  the  proof  of  the  analysis.  The  two  must  go 
hand  ill  hand.  Testing  for  testing  sake  is  not  productive  f  act)  test  must  confirm  or  deny  an  analysis.  If  it  does  not.  then 
the  test  becomes  meaningless  since  there  is  no  method  to  predict  what  will  happen  as  the  situation  changes.  Tests  will 
become  more  sophisticated  and  realistic  hut  unless  the  requirement  of  confirmation  of  analysis  is  paramount,  we  can 
wind  up  with  failed  engines  with  no  idea  why  it  happened  or  what  to  do  about  it. 


DISCUSSION 


J.C.Ripoll.  Direction  Techniques  des  Constructions  Aeronautiques.  France. 

My  question  is  related  to  a  remark  made  by  Mr  Mihail: 

You  indicated  that  the  conditions  of  employment  of  an  engine  vary  considerably  from  aircraft  to  aircraft,  and 
from  user  to  user.  Given  this,  is  it  possible  to  codify  the  longevity  tests  to  produce  a  norm  for  certification? 

Author's  Reply 

We  have  been  examining  various  tests  and  missions  and  find,  as  you  may  expect,  they  fall  into  two  general  categories, 
transport  or  lighter/attack  Transport  testing  leads  to  general  procedure  that  is  comparable  from  system  to  system 
Thus  it  probably  can  he  standardized.  I  lie  lighter/attack  engine  is  more  system  peculiar  with  some  general 
similarity.  Thus  the  lighter/attack  test  will  be  more  system  oriented  and  less  general. 

We  will  he  attempting  to  establish  general  tests  in  the  transport  and  fighter/attack  areas  in  the  future  It  is  a  difficult 
problem  and  will  require  considerable  effort. 
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SUMMARY 

The  project  philosophy  of  the  propellers  in  general  will  evolve  in  the  future,  as 
in  the  past,  keeping  in  mind  the  three  fundamental  characteristics  of  aerospace  systems: 
weight,  volume,  power.  Considering  the  use  of  the  propeller,  (military  or  civil),  two 
other  eminently  economic  factors  must  be  taken  into  consideration:  the  lowest  possible 
obsoleteness  for  military  use,  the  lowest  cost  of  utilization  for  civil  use.  Themes  of 
theoretical  and  experimental  research: 

a)  about  the  components  relative  to  only  the  energetic  system:  subsonic  and  supersonic 
combustion  processes;  traditional  and  non-tradit iona 1  combustibles,  interaction  bet¬ 
ween  the  mechanical  and  combustible  system;  with  combustion  in  axial  fluxes  and  de¬ 
viated  fluxes;  spark  ignition;  initial  combustion  and  relative  phenomena;  transitory 
of  the  combustion,  the  combustion  regime; 

b)  of  the  fluid-dynamic  system  components:  isolated  blades  of  the  compressor  and  turbine 
with  a  small  rapport  1/d  in  subsonic  and  supersonic  fluxes;  elevated  load  blades  in 
subsonic  and  supersonic  fluxes;  annular  formation  of  the  compressor  and  turbine; 

c)  electronically  servo-assisted  automation  during  the  transitory  phase  of  any  process. 


1 .  INTRODUCTION 

The  definition  and  the  development  of  the  design  of  aerospace  propulsive  devices  must 
take  into  account  two  factors  which  are  relevant  to  the  general  economic  context:  the  low¬ 
est  possible  obsoleteness  for  military  use,  the  lowest  cost  of  utilization  for  civil  use. 
These  two  factors  are  strictly  connected  with  the  characteristics  of  the  aerospace  systems 
power,  weight,  reliability  and  maintenance.  The  design  effort  must  of  course  be  based  on 
studies  and  researches  which  contribute  to  the  development  of  alternative  solutions  and 
technological  integration  within  the  context  of  the  objectives  of  the  operative  develop¬ 
ments  and  to  the  forecast  of  the  impact  that  the  new  information  can  exert  on  the  future 
uses  of  the  various  kinds  of  engines  and  the  new  opportunities  that  may  rise  in  the  fu¬ 
ture,  always  keeping  under  control  the  evolution  of  the  technological  and  scientific  in¬ 
formation  all  around  the  world. 

Starting  from  the  "basic  research"  it  is  possible  to  pick  out  applicable  possibili¬ 
ties  from  which  branches  of  "orientated  research"  are  developed,  with  not  only  the  hope  - 
but  perhaps  it  can  be  claimed  -  with  the  certainty,  to  create  innovations  for  the  system 
project;  at  this  point  "finalized  researches"  can  be  developed,  either  sectorial  or 
global,  of  the  system  in  which  Institutions  or  Industries  can  be  interested. After  the 
development  of  the  research  carried  out  in  the  way  mentioned  above,  two  other  phases  have 
to  follow:  the  "diffusion  of  the  research"  and  the  "development  of  the  prototypes".  The 
detailed  procedure  mentioned  above  has  been  presented  in  Fig.  1-1.  Basic  and  finalized 
research  in  the  long  term  plays  a  primary  role  in  the  engineering  field  and  it  is  of 
great  support  for  the  industrial  product.  In  fact,  considering  the  innovation  process  and 
focusing  on  the  industrial  product,  one  can  think  of  a  multilevel  "hierarchical  design"and, 
passing  through  various  phases,  one  get  to  an  "optimal  design"  which,  putting  in  discus¬ 
sion  the  product  in  relation  to  the  required  goals,  widens  the  field  of  research  to  the 
whole  system.  The  approximative  time  of  the  research, of  the  design  of  tne  system  and  the 
subsystem,  are  reported  in  Fig.  1.2,  with  specification  of  the  various  kind  of  interven¬ 
tion. 

2.  FUTURE  DEVELOPMENT  OF  AEROSPACE  PROPULSION  SYSTEMS 


Two  general  concepts  on  the  fundaments  and  on  the  research  development,  in  its  va¬ 
rious  aspects  and  stages,  have  been  underlined  in  order  to  identify  the  necessary  times 
for  realizing  the  "aerospace  system"  proper  for  the  use.  The  system  will  have  to  be  qua¬ 
lified  in  the  external  context  in  order  to  be  fully  efficient  and  has  to  be  profitably 
used  for  8-12  years  after  its  realization  and,  therefore,  the  installations  and  instru¬ 
mentations  will  have  to  be  proper  to  satisfy  the  experimental  needs  for  a  variable  period 
of  time  from  0  to  10-15  years.  The  basic  needs  requested  to  carry  out  these  tests  are: 

a)  compressed  air  plants  to  drive  subsonic  transonic  supersonic  and  transonic  wind  tun¬ 
nels; 

b)  compressed  air  plants  to  carry  out  researches  on  subsonic  and  supersonic  combustion; 

c)  Installations  for  producing  energy  of  many  kinds  for  various  sperimentations  not  fore¬ 
casted  nowadays; 

d)  installations  for  studies  and  researches  of  uses  and  systems  not  easily  forecasted 
nowadays ; 

e)  instrumentations  for  the  diagnostics  of  experimental  measurements; 


f)  data  acquisition  systems. 

It  i  5  necessary  to  underline  that  a  series  of  laboratories,  able  to  solve  the  experimen¬ 
tal  needs  mentioned  above,  have  such  a  high  cost  of  basic  structures,  that  the  not  uti¬ 
lization  of  them  for  researches  and  studies  of  systems  close  to  the  aerospace  field, 
would  turn  out  to  be  ant i economic. 


3 .  A I RC RAFT  PROP U LS I ON 


The  propulsion  which  uses  atmospheric:  air  as  supporter  of  combustion  must  adopt 
liiffeient  types  of  propulsive  systems,  according  to  vehicle  speed.  Such  systems  need 
different  components  which  themselves  require  different  researches  and  experimentations, 
in  Fig.  )  various  types  of  aircraft  propulsion  are  represented  with  the  components  of 
each  system. 


3 . 1  Turbomach inery  for  subsonic,  transonic  and  supersonic  propulsion 

It  is  easy  tn  foiesee  that  the  experimental  research  on  turbomachinery  which  is  use¬ 
ful  to  integrate  and  assist  computational  methods  will  be  one  of  the  most  important  trend 
>i  propulsion  laboratories  in  the  future.  Such  opinion  is  based  on  the  following  conside¬ 
rate  «ns : 

i)  tiie  flow  behaviour  in  a  turbenwefune  is  a  very  complex  physical  phenomenum ;  in  spite  of  the 
recent  progress  -  duo  to  the  presence  of  high  speed  and  capacity  computers  of  the  4th 
generation  -  the  actual  know-how  of  theoretical  research  in  the  field  is  not  so  ad¬ 
vanced  for  thinking  that  very  important  progress  can  be  reached  only  theoretically. 
Very  important  phenomena  as  secondary  flows,  flow  unsteadiness,  blades  interactions, 
turbulent  and  inviscid  effect,  are  still  studied  with  the  use  of  very  simplified  mod¬ 
els.  For  this  reason,  in  the  future  the  experimental  work  on  real  machine  will  give 
the  necessary  inputs  to  mathematical  models, 
b)  the  actual  world  energy  situation  demands  high  efficiency  in  any  process  which  uses 
any  form  of  energy.  In  all  these  processes,  except  few  cases,  there  are  turbomachines 
whose  performances  are  consequent  to  reaching  good  thermodynamic  efficiency.  Therefore 
it  is  necessary  that,  in  the  near  future,  the  propulsion  laboratories  will  be  able  to 
test  every  type  of  turbomachine,  also  those  which  are  not  directly  used  in  the  pro¬ 
pulsive  systems.  A  reconversion  process  should  be  done,  in  which  laboratories  spe¬ 
cialized  in  fluid-dynamics  carry  out  also  researches  on  turbomachinery  mechanics. 

As  said  before,  a  new  turbomachinery  laboratory  must  be  as  flexible  as  possible  al¬ 
lowing  to  operate  in  different  fields  and  on  different  turbomachines  with  minimum  mo¬ 
difications  avoiding  large  money  investments.  Therefore,  the  laboratory  should  support 
"service  acquisi tion"  rather  than  the  building  of  unflexible  test  rigs  useful  only 
for  particular  experiences. 

In  the  future  the  testing  on  real  turbomachines  or  on  models  which  reproduce  the  fluid- 
dynamic  phenomena  in  its  whole  complexity  will  be  more  and  more  important,  rather  than  the 
experimentation  on  partial  test  rigs  which  are  able  to  reproduce  only  models  object  of 
previous  theoretical  approach  (for  example  see  the  cascade). 

Of  course  the  experimentation  on  a  real  machine  can  be  very  arduous  for  many  rea¬ 
sons:  difficulty  of  a  proper  instrumentation  of  an  industrial  turbomachine,  power  requi¬ 
rement  too  high  in  the  case  of  driven  machines  or  mass  flow  rates  too  high  in  case  of 
turbines.  It  is  possible  to  overcome  -  at  least  partially  -  the  first  difficulty,  building 
a  model  which  already  presents  the  necessary  modifications  for  a  correct  instrumentation 
(optical  screens,  probes  into  rotating  elements,  etc.).  The  similarity  theory  can  help 
in  such  a  work  because  it  allows  to  vary  the  machine  dimensions,  the  pressure  and  tempe¬ 
rature  of  working  fluid  reaching  values  compatible  with  probe  and  transducer  physical 
characteristics  and,  above  all,  compatible  with  the  stresses  of  rotating  equipment  in  or¬ 
der  to  reduce  the  costs. 

As  without  great  fluid-dynamic  forces,  the  stress  of  a  rotating  element  is  function  of 
peripherical  velocity  u  following 

o  =  k  o  u'* 

m 

where  k  is  a  function  of  the  dimensions,  pm  is  the  rotating  element  material  density, 
the  convenience  of  reducing  the  peripherical  velocity  is  evident.  In  a  kinematic  simila¬ 
rity  this  reduction  means  a  decrease  in  the  flow  velocity.  Following  the  compressibility 
laws,  i.e.  same  Mach  numbers  in  the  model  and  in  the  real  machine,  the  gas  sound  veloci¬ 
ty  formula 

a 

shows  the  possible  ways  to  overcome  the  problem: 

-  reduction  in  temperature  (not  very  used  and  not  very  useful  due  to  the  low  consequent 
reduction  in  velocity) 

-  adoption  of  fluid  with  high  molecular  mass. 

This  second  possibility  allows  to  reach  supersonic  velocities  with  reduced  mechanical 
stresses.  For  example  using  a  fluid  with  a  molecular  mass  M  =  500  at  ambient  temperature 
a  sound  velocity  of  70f80  m/s  can  be  obtained  and  in  consequence  mechanical  stresses  15t30 
times  lower  than  in  the  case  of  turbomachines  working  with  air  or  steam. 


To  follow  the  similarity  laws  and  thus  to  reproduce  the  link  between  the  pressure 
and  the  specific  volume  during  the  thermodynamic  transformation,  it  is  necessary  to  use 
sometimes  fluid  mixture  of  very  complex  fluids  with  monoatomic  ones.  In  any  case  it  is 
necessary  to  operate  in  a  closed  cycle  with  many  problems  due  to  the  piping.  It  should 
be  reminded  that  if  the  model  works  at  low  revolution  speeds,  also  the  problems  concern¬ 
ing  sealing  devices  and  bearings  are  gre.it ly  reduced. 
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In  addition  to  the  possibility  of  building  a  rotor  with  less  stresses,  the  adoption 
closed  cycle  allows  another  very  important  advantage:  the  possibility  of  changing  at 
the  pressure  value  of  the  plant.  Because  of  similarity  laws,  this  means  a  change  in 


turbomachine  power  due  to 


P  M  T  p 
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where  P0»Mo'To'Po  are  t^e  power  of  the  real  machine  and  the  mass,  temperature  and  pressure 
of  the  original  fluid,  and  P,M,T,p  are  the  same  parameters  of  the  model.  Supposing  for  ex¬ 
ample  a  ratio  p/p0  =  0.1  and  M/M0  =  0.0S  a  power  equal  to  2,2%  of  the  real  machine  power 
can  be  achieved  with  a  model  of  same  dimensions  and  operating  with  the  same  fluid-dynamic 
In  conclusion,  the  adoption  of  a  closed  cycle  and  of  a  working  fluid  of  heavy  molecular 
mass,  in  respect  to  similarity  laws,  allows  the  building  of  models  not  very  stressed  and 
thus  the  use  of  materials  of  better  machinabi 1 i ty ,  such  as  aluminum  alloys,  with  cheaper 
mechanical  solutions  and  a  lower  input  or  output  power  of  the  turbomachine. 

Another  experimental  possibility  is  that  of  maintaining  the  actual  working  conditions 
(fluid,  pressure,  temperature,  velocity  and  power),  but  performing  the  whole  experimenta¬ 
tion  very  quickly.  This  procedure  (blow  down)  allows  to  fit  the  laboratory  with  a  power 
lower  than  that  of  testing,  using  accumulating  systems:  pneumatic  systems  with  fluid 
stocking  in  high  pressure  cylinders  (see  Appendix  I)  or  mechanical  systems  with  the  use 
of  u  flywheel  (see  Appendix  II.  The  blow-down  technique  demands  a  very  sophisticated  re¬ 
gulating  system  which  allows  to  minimize  the  set  up  of  the  instrumentation  and  the  timing 
of  the  machine  (1).  Such  a  system  needs  also  the  development  of  an  acquisition  data  sy¬ 
stem  able  to  collect  and  process  many  signals  shortly  and  at  the  same  time.  Moreover, the 
laboratory  should  have  a  high  technology  in  processing  computers  and  efficient  equipments 
for  probe  and  transducer  calibration  (2). 


3 . 2  Aeronautical  propulsion  in  the  subsonic,  transonic,  supersonic  and  hypersonic  range: 
internal  aero-and  gasdynamics 


Analysis  and  design  of  the  components  of  such  propulsion  systems  must  be  aided 
by  means  of  careful  experimental  tests  taking  place  in  blow  down  type  wind  tunnels  (see 
Appendix  I  and  II).  Test  sections  must  be  large  enough  to  avoid  wall  effects  on  the  mod¬ 
el,  among  the  other  things  also  boundary  layer  suction  at  the  walls  can  be  used. 

The  experimental  apparatus  must  be  able  to  simulate  the  flight  in  all  the  condi¬ 
tions;  Mach  number,  Reynolds  number,  heat  flux,  and,  if  necessary,  dissociation  and  re¬ 
combination  phenomena  must  be  considered. 

Stagnation  temperature  should  be  considered  in  the  experiments  not  only  in  connec¬ 
tion  with  the  aerodynamics  phenomena  but  also  because  of  the  thermal  shock  of  the  struc¬ 
tures.  Dissociation  phenomena  should  be  considered  only  if  Mach  number  exceeds  8  (M»8) , 
(hypersonic  flight)  and  then  more  in  the  field  of  spatial  than  of  aeronautical  propul¬ 
sion  . 

In  the  range  0,5<M<4  test  section  cross  section  must  range  from  1x1  m.  to  a 

minimum  of  0,5x0, 5  m.  with  maximum  stagnation  temperatures  of  the  order  of  800°K.  Test 
section  must  be  equipped  to  analyze  the  forces  (in  all  directions),  pressures,  tempera¬ 
tures  and  aero-and  thermoelastics  deformations.  In  the  case  of<4<M  5,  test  section  size 
must  be  not  less  than  ®  =  30  cm;  taking  into  account  the  axialsimmetry  of  the  propulsion 
system,  only  a  sector  of  the  component  could  be  tested,  allowing  in  this  way  the  use  of 
a  larger  model.  The  stagnation  pressure  and  the  stagnation  temperature  are  of  the  order 
of  100  bar  and  800°K  rispectively  in  these  wind  tunnels.  The  air  flow  must  be  heated  by 
means  of  an  alloy  steel  heater,  with  an  aluminum-bronze  bed  inside. 

Beyond  these  Mach  number  we  are  in  the  field  of  spatial  research;  in  fact,  atmo- 
speric  propulsion,  till  heights  of  20.000  ?  30.000  m. ,  can  not  overcome  these  Mach 
numbers  also  because  of  drag  and  boundary  layer  phenomena. 


4.  EXPERIMENTAL  TESTS  IN  SPATIAL  PROPULSION 

Spatial  propulsion  is  characterized  by  hypersonic  speeds  and  by  the  use  of  not  air- 
breathing  motors. 

Equipment  to  be  used  to  analyze  missile  performances  and  connected  phenomena  are 
mainly  blow-down  type  wind  tunnels  but  auxiliary  systems  are  required. 


4-1  Aero-and  gasdynamics  of  the  spacecraft 


These  tests,  also  if  not  strictly  of  propulsive  type,  are  connected  with  the  be¬ 
haviour  of  rocket  propelled  systems.  Phenomena  such  as  the  missile  or  satellite  reentry 
in  the  atmosphere,  gas  ionization  and  then  spacecraft  control,  vacuum  effects  at  high 


(1)  These  basic  installations  used  for  such  experimentations  are  used  not  only  for  re¬ 
searches  on  turbomachinery,  but  also  for  experimental  researches  on  combustion,  in¬ 
takes  and  nozzles. 

(2)  In  Appendix  III  an  installation  based  on  the  proposed  criteria  is  described.  This  in¬ 
stallation  is  now  being  prepared  at  CNPM. 


altitude  (80?400  km)  sun  radiation  and  interaction  of  all  such  phenomena  with  spacecraft 
behaviour  and  control  should  be  studied. 

In  the  range  6<M<12  an  axialsimmetric  water  cooled  wind  tunnel  of  the  same  type  of 
those  employed  for  M<6  can  be  used.  The  stagnation  pressure  is  of  the  order  of  100  bar 
and  the  air  flow  is  heated  at  1500°K  by  means  of  an  electric  heater  equipped  with  Konta 
resistances.  Of  course  the  wind  tunnel  working  at  these  Mach  numbers  must  discharge  in  a 
closed  space  with  a  pressure  of  0,5-rl  mmilg,  spheres  of  9?20  m  diameter,  according  to 
the  length  of  the  tests,  are  used. 

In  the  case  of  MC20  wind  tunnels  working  operating  at  the  required  conditions 
(speed  and  stagnation  pressure)  per  interval  time  in  the  range  0,1  r  2-4  sec  can  be 
used. 

The  electric  arc  should  be  obtained  or  by  means  of  batteries  or  following  the  system 
of  Appendix  II.  In  the  case  of  Mach  =  20  test  sections  should  have  a  diameter  of  the  or¬ 
der  of  60r80  cm,  and  a  stagnation  temperature  of  about  6.000°K.  A  vacuum  system  working 
in  the  range  10*  t  10"a  mm  Hg  must  also  be  provided.  Fig.  4.1  shows  the  characteristic  be¬ 
haviour  of  a  vacuum  system  for  spheres  or  other  vessels;  the  degree  of  vacuum  is  on  the 
horizontal  axis,  while  the  air  mass  flow  at  the  intake  of  the  vacuum  pumps  of  suitable 
characteristics  is  reported  on  the  vertical  axis. 

The  arbitral  flight  simulation  can  be  obtained  in  a  large  cylinder  (3t6  m  diameter, 
4?8  m  length) ,  cooled  at  the  inside  wall  by  means  of  liquid  nitrogen  to  reach  temperature 
as  low  as  70-100°K.  The  vacuum  must  be  of  the  order  of  1 0‘a  t  10*8  mm  Hg ,  while  sun  radia¬ 
tion  can  be  simulated  with  xenon-hg  arc  lamps  (1). 

5.  COMBUSTION  FOR  AERONAUTICAL  AND  SPATIAL  PROPULSION 

Fig.  5.1  shows  the  different  types  of  aeronautical  and  spatial  propulsion  also  if  a 
sharp  division  is  rather  difficult  to  be  made.  In  fact  rocket  propulsion  is  used  also  in 
the  field  of  the  aeronautical  propulsion,  in  the  case  of  air-air,  air-ground, ground-air 
missiles,  or  to  obtain  suitable  initial  velocities  for  the  ramjets  engines  (ramjet  with 
liquid  rocket  engine  or  hybrid  ramjet  with  solid  propellant  rocket  engine) , 

The  planning  of  a  combustion  research faci lity  should  take  into  account  not  only 
theoretical  and  applied  research  systems,  but  also  of  industrial  ones.  Of  course  it  is 
necessary  to  be  able  to  acquire  a  large  number  of  experimental  data  to  improve  knowledge 
of  the  thermof luiddynamic  phenomena  and  then  to  mathematically  model  them. 

Tests  with  real  systems  are  possible  only  with  large  and  expensive  support  (i.e,, 
air  mass  flow  rate,  available  energy,  etc.)  but  allow  to  overcome  many  problems  connect¬ 
ed  with  the  use  not  full  scale  modes,  not  always  possible  (see  Appendix  I  and  II).  Com¬ 
promising  solutions  are  often  necessary  (i.e.  the  use  of  only  one  part  of  an  anular  com¬ 
bustion  chamber) ,  but  they  must  give  good  results  without  alteration  of  the  physical 
phenomenon. 

It  is  now  possible,  in  the  combustion  field,  to  obtain  measurements  of  high  spatial 
and  temporal  resolution  as: 

-  mean  velocity  (components); 

-  fluctuating  velocity  and  distribution  function; 

-  fluctuating  temperature  and  distribution  function; 

-  spatial  concentrations  (also  from  the  air  pollution  point  of  view) ; 

-  behaviour  of  the  particles  and  of  the  sprays  (fuel  spray,  coal  particles,  etc.); 

-  spatial  and  temporal  correlations  among  different  quantities. 

Now  and  in  the  future  large  experimental  efforts  should  be  devoted  to  the  analyses 
of  the  turbulent  flow  field,  mainly  because  of  the  necessity  of  obtaining  better  turbu¬ 
lent  models  for  the  numerical  simulation. 

Besides  the  classical  diagnostics  instrumentation  (probes,  hot  wire  anemometer,  etc.) 
experimental  facilities  should  be  equipped  with  sophisticated  electro-optical  instrumen¬ 
tations  as: 

-  laser  anemometers  (connected  with  suitable  data  acquisition  and  computer  systems)  able 
to  study  the  sub-trans  and  supersonic  field  measuring  at  the  same  time  three  velocity 
components ; 

-  diagnostics  systems  based  on  Raman  scattering  (rotational,  vibrational,  C.A.R.S.); 

-  other  systems  based  e.  g.  on  Rayleigh  scattering,  fluorescence,  radiation  absorption, etc. 

Optical  diagnostic  techniques,  in  large  use  in  the  future,  require  in  many  cases 
high  power  sources  and  it  seems  to  be  convenient  to  centralize  them  and  to  distribute 
the  light  by  means  of  suitable  optical  ways  (optical  fibers,  mirrors,  etc.)  to  the  diffe¬ 
rent  experimental  test  bench. 

The  analysis  of  fluctuating  and  transient  phenomena  requires  the  acquisition  of  a 
large  amount  of  experimental  data  to  be  then  worked  out;  a  centralized  data  acquisition 
and  treatment  system  seems  to  represent  the  best  solution  for  such  type  of  facilities. 

Fig.  5.2  shows  schematically  the  centralization  of  these  services. 

5 . 1  Air-breathing  combustion 

Diagnostics  techniques  of  the  type  previously  analyzed  can  be  applied  to  different 
combustion  phenomena. 


(1)  In  order  to  reproduce  the  intensity  of  radiation  spectrum  at  400  km  of  altitude,  20 
of  these  lamps  are  needed. 
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a)  Periodic  combustion  (reciprocating  engines) 

Analysis  of  the  flow  field  in  isothermal  and  not  isothermal  conditions,  controlling 
the  influence  of  the  combustion  chambet  configuration,  intake  and  discharge  timing 
etc.  It  can  be  analyzed  in  greater  detail  with  respect  to  the  past,  the  ignition, 
the  influence  of  turbulence  and  the  flame  propagation,  the  fuel  and  air  mixing  etc. 

In  the  case  of  Diesel  engines  it  is  necessary  to  study  the  sprays  deeply  (heating 
and  combustion  of  the  droplets) ,  to  analyze  the  flame  propagation  and  exhaust  gas 
composition.  Such  an  analysis  is  able  to  give  information  allowing  e  reliable  mathe¬ 
matical  modelling  of  engine  processes;  models  can  also  be  used  to  design  the  engine 
(if  they  are  reliable) . 

b)  Continuous  combustion  (turbojets  and  gas  turbines  combustion  chambers) 

Besides  the  flow  field,  it  is  also  possible  to  analyze  droplet  combustion,  flame  pro¬ 
pagation  and  stabilization  etc.  It  is  also  possible  to  go  deaper  into  the  interaction 
between  droplets  and  gas  movement  both  in  isothermal  and  not  isothermal  conditions, 
and  in  the  mixing  processes  in  primary  and  secondary  regions.  Mathematical  models  of 
the  combustion  chamber  can  be  improved  starting  from  the  new  information  obtained. 

c)  Supersonic  combustion  (ramjet) 

The  analysis  in  this  case  is  more  complex  because  of  the  necessity  of  the  study  of  the 
starting  process  (liquid  rocket  engine  or  solid  rocket  engine  in  the  hybrid  ramjet)(1). 
Also  in  this  case  local  and  global  stability  phenomena,  instability  propagation,  etc. 
should  be  studied.  The  matching  between  internal  and  external  aerodynamic  must  be 
carefully  analyzed  because  of  the  fact  that  the  flight  path  of  the  airplane  can  in¬ 
fluence  the  flow  field  in  the  ramjet  leading  to  flow  separation  phenomena.  Mathemati¬ 
cal  modelling  in  this  case  not  only  contributes  to  the  improvement  of  ramjet  design, 
but  also  to  the  guidance  technique  and  then  to  the  flight  mechanics  of  the  ramjet 
propelled  airplane. 

5 . 2  Combustion  in  rocket  engines 

Advanced  rocket  propulsion,  particularly  in  the  field  of  military  research,  is  main¬ 
ly  oriented  toward  solid  propellants,  which  have  now  all  the  characteristics  of  the  liq¬ 
uid  propellants  and  also  many  advantages  (it  is  our  intention  to  omit  to  talk  about  liq- 
quid  propellants  and  their  sperimentation;  solid  propellants  will  be  the  subject  of  our 
attentions) . 

Forecast  and  control  of  combustion  limits  of  condensed  matter  (ignition,  extinction, 
oscillation,  detonation,  etc.)  are  now  the  main  research  subjects  in  this  field.  This 
type  of  information,  necessary  for  all  engines  using  chemical  energy,  is  now  lacking  al¬ 
so  at  fundamental  level.  The  main  research  fields  are: 

-  theoretical  combustion  models  for  stationary  conditions  for  traditional  propellants 
with  metals  or  catalysis  and  for  new  propellants; 

-  theoretical  analysis  and  experiments  of  external  controlled  multiple  ignitions  and  ex¬ 
tinctions  ; 

-  experimental  information  on  the  flame  structure  in  the  plane  near  the  combustion  sur¬ 
face; 

-  experimental  information  on  the  particulate  coming  from  the  combustion  surface; 

-  experimental  information  on  the  low  pressure  selfoscillating  combustion. 

But  to  obtain  all  the  experimental  information  necessary  to  control  and  develop  mod¬ 
els,  special  equipment  and  special  use  of  them  is  necessary.  But  not  all  the  necessary 
information  can  be  obtained  or  from  models  or  from  real  rockets;  from  this  point  of  view 
theoretical  analysis  can  help  experiments,  showing  the  behaviour  of  the  propellants  un¬ 
der  the  action  of  different  external  forcing  actions.  Suitable  experimental  systems  are: 
-hlghpower  laser  sources  to  obtain  directly  information  on  nonlinear  combustion  instabili¬ 
ties  including  gnition  and  extinction  processes; 

-laser  techniques  in  particular  L.D  .V  .  (laser  doppler  velocimetry)  to  obtain  directly  in¬ 
formation  on  the  gas  phase  near  the  combustion  region  (velocity  and  size  of  the  particu¬ 
late) 

-high  speed  schlieren  and  holographic  films  (from  10.000  to  50.000  pictures  per  second) 
-combustion  experiments  at  very  low  (<1  bar)  or  very  high  (>1000  bar)  pressure. 

These  experiments  take  into  account  the  tendency  toward  an  increasing  in  the  combustion 
chamber  pressure  in  the  future. 

6.  DIAGNOSTICS  AND  EXPERIMENTAL  EQUIPMENTS 

In  the  future  optical  techniques  based  on  the  coherent  light  will  be  used  more  and 
more  in  combustion  and  f luiddynamics .  In  fact  the  use  of  these  techniques  allows: 

-  no  alteration  of  the  phenomenon  (non  intrusive  techniques) ; 

-  the  use  in  bad  environmental  conditions  where  the  use  of  sensors  is  very  difficult 
(high  temperature,  corrosion  problems,  etc.); 

-  to  obtain  at  the  same  time  more  than  one  information  (for  example,  concentration  size 
and  velocity  of  the  particules  in  the  flow) ; 

-  to  have  high  spatial  and  temporal  resolution; 

-  to  analyze  fluctuating  phenomena  and  to  obtain  distribution  functions. 


(1)  see  combustion  not  air-breathing 


In  general,  these  techniques  require  highly  sophisticated  electronic  and  optical  e- 
quipment,  are  then  very  expensive  and .moreover ,  signal  analysis  is  in  many  cases  rather 
difficult  requiring  a  large  amount  of  theoretical  and  numerical  work. 

A  very  important  problem,  involving  the  configuration  of  the  research  facility,  is 
represented  by  the  laser  light  source  to  be  used.  In  same  cases  a  very  high  power  source 
is  required.  A  solution  can  be  the  centralization  of  light  sources  and  the  distribution 
of  light  beams  by  means  of  suitable  optical  paths,  as  optical  fibers,  mirrors,  etc.,  as 
shown  in  Fig .  6.1. 

All  the  optical  techniques  here  considered  are  based  on  the  elastic  and  anelestic 
scattering  of  the  radiation;  the  most  important  parameter  to  be  considered  is  the  cross 
section  for  the  particular  type  of  scattering  considered,  because  from  it  depends  the 
strength  of  the  collected  signal,  and  then  it  is  possible  to  deduce  the  type  of  problems 
in  the  analysis  and  treatment  of  the  signal.  In  fact,  the  lower  is  the  cross  section  the 
lesser  is  the  scattered  signal  (the  amount  of  scattered  radiation)  and  then  the  more  com¬ 
plex  and  sophisticated  the  signal  treatment  system  must  be.  Table  6.1  shows  the  cross 
sections  of  some  scattering  phenomena  used  in  the  diagnostics. 

Many  orders  of  magnitude  divide  Mie  scattering  from  vibrational  Raman, and  from  this 
it  can  be  deduced  the  different  type  of  problems  to  be  solved  in  the  use  of  the  different 
processes.  While  in  the  case  of  Mie  scattering  particules  must  be  present  in  the  flow  to 
have  the  interaction,  in  the  case  of  the  other  scattering  phenomena  diffusion  is  made  by 
molecules,  seeding  is  not  necessary,  and  information  connected  with  the  molecular  proper¬ 
ties  (concentration,  type  of  molecules,  temperature  etc.)  can  be  obtained. 

6 . 1  Fluiddynamics  measurements 

Parameters  to  be  determined  for  the  analysis  of  non-reacting  flow  fields  are: 

-  turbulent  fluctuations; 

-  spatial  and  temporal  correlations  between  fluctuating  components. 

-  the  average  velocity  (or  the  components  of  average  velocity) 

The  most  suitable  system  for  this  type  of  analysis  seems  to  be  the  laser  doppler  a- 
nemometer,  able  to  give  an  instantaneous  and  simultaneous  measurement  of  the  different 
velocity  components.  The  interaction  is  based  on  the  Mie  scattering  and  then  seeding  is 
necessary.  Particle  size  and  concentration  should  be  carefully  controlled  to  obtain  re¬ 
liable  information.  Fig.  6.2  shows  an  experimental  set  up  to  be  used  for  the  flow  field 
analysis. 

In  spite  of  the  complexity,  these  systems  can  be  arranged  in  such  a  way  that  it  is 
possible  to  use  them  also  in  large  industrial  plants  without  problems  of  vibrations 
etc.  Velocity  measurements  are  obtained  from  a  frequency  and  then  the  limits  of  the 
system  are  connected  with  the  available  electronic  technology;  at  the  present  time  using 
argon-ion  laser  of  some  watts  power  velocities  of  the  order  of  Mach  3*4  can  be  measured. 
Spatial  velocity  correlations  can  be  obtained  by  focusing  in  different  points  two  diffe¬ 
rent  L.D.V.  systems;  data  acquisition  and  treatment  equipments  must  be  used  for  the  prac¬ 
tical  utilization  of  such  kind  of  information.  Today  L.D.V.  systems  can  be  easily  con¬ 
nected  with  microprocessors  and  microcomputers;  in  this  way  it  is  possible  to  obtain 
highly  automatized  systems  able  to  give  in  a  very  short  time  any  kind  of  data  treatment 
and  elaboration.  Fig.  6.3  shows  the  interconnection  between  an  L.D.V.  and  a  data  acqui¬ 
sition  system. 

6.2  Measurements  in  combustion 


Optical  techniques  offer  in  this  case  the  best  opportunities.  They  are  not  intrusive 
and  then  able  to  be  employed  in  such  a  bad  environment.  Optical  techniques  are  able  to 
give  a  lot  of  very  useful  information  about  combustion,  also  if  many  of  them  are  still  in 
development  and  probably  can  be  largely  improved.  In  general  they  are  able  to  determine 
two  fundamental  parameters  in  reacting  flow  that  is  temperature  and  local  species  concen¬ 
tration.  The  experimental  techniques  to  be  considered  are: 

-  atomic  and  molecular  fluorescence; 

-  Rayleigh  scattering; 

-  Raman  scattering-CARS  (Coherent  Antistokes  Raman  Spectroscopy). 

Fluorescence  can  be  used  for  temperature  and  species  measurements;  in  the  case  of 
atomic  fluorescence  seeding  with  suitable  atoms  is  necessary.  Alsu  exhaust  unburned 
hydrocarbons  can  be  detected  with  fluorescence.  Problems  can  arise  because  of  quenching, 
autoabsorption  and  background  radiation. 

Rayleigh  scattering  can  be  used  in  density  measurements  taking  into  account  the  fact 
that  scattered  radiation  is  proportional  to  the  number  of  molecules;  this  technique  can 
also  be  used  for  soot  analysis  and,  in  connection  with  laser  anemometry,  to  determine 
correlation  functions  of  the  type  p'u'.  Because  of  its  very  small  cross  section  (lO'^cmV 
str)it  can  be  used  only  in  very  clean  flames. 

Raman  scattering  can  be  used  in  different  ways,  also  according  to  the  experimental 
situation.lt  can  be  used  to  measure  directly  velocity  and  concentration  while,  in  connec¬ 
tion  with  a  laser  anemometry  can  furnish  velocity-temperature  and  velocity-concentration 
correlations.  Raman  is  a  molecular  scattering  and  no  seeding  is  necessary;  temperature 
measurements  are  now  mainly  obtained  from  N2  or  OH  radical. 

Because  of  the  very  small  cross  section  (1 0~  30  cm2/str)  it  is  necessary  to  increase 
the  signal,  and  this  may  be  obtained  by  means  of  CARS,  in  which  the  emitted  radiation  is 
coherent  and  then  not  isotropic  but  undirectional  and  much  more  strong.  The  signal  to 
noise  ratio  is  high  in  cars  and  a  large  development  of  this  technique  in  the  future  can 
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be  foreseen;as  it  is  possible  to  see  in  Fig.  6.4  local  temperature  and  concentration  can 
be  measured  with  a  single  pulse  of  10  n.sec  duration.  Pulsed  laser  have  a  repetition  in¬ 
terval  of  the  order  of  10  'sec.  and  continuous  measurements  can  not  be  obtained. 

As  it  is  possible  to  see,  the  limit  is  not  due  to  the  diagnostic  systems  but  to  the 
background  instumentation.  It  is  possible  to  foresee  that  laser  development  will  lead  in 
a  near  future  to  pulsed  lasers  with  repetition  time  of  the  order  of  1 0 ~2  t  10 ~3  sec. 

7.  LABORATORIES  FOR  FUTURE  STUDIES  AND  RESEARCH 

Looking  at  the  future,  taking  into  account  the  delay  between  the  project  and  the  in¬ 
dustrial  production,  it  is  possible  to  foresee  studies  and  researches  on  scientific  and 
technical  problems  to  improve  the  aerospace  defense. 


7 . 1  Solid  propellant  rocket 

To  develop  always  greater  thrusts  is  the  trend  in  solid  propellant  rockets  in  order 
to  increase  the  rocket  speed  and  to  reduce  the  arrival  time  to  right  altitude  for  the  em¬ 
ployment  in  the  range  of  action  of  the  rocket.  This  thrust  increase  can  be  obtained  in¬ 
creasing  the  combustion  chamber  pressure  and  it  is  expected  to  reach  pressures  about 
800-1200  bar;  this  objective  implies  a  research,  nearly  a  base  research,  about  combustion 

-  also  with  mathematical  models  -  in  order  to  single  out  the  combustion  stability  limits. 
Stability  is  necessary  in  order  to  avoid  extinction  and  detonation.  Hence  it  is  necessary 
to  acquire  a  serie  of  experimental  data,  for  steady  and  unsteady  phenomena,  changing  tem¬ 
perature  and  pressure.  Temperature  must  be  varied  between  a  few  tens  of  centigrade  degrees 
under  zero  and  a  few  tens  of  centrigrade  degrees  over  zero;  pressure  between  limits  below 
atmospheric  pressure  and  those  of  the  order  of  1000-1200  bar;  that  is,  it  is  necessary  to 
determine  the  static  and  dynamic  stability  limits  in  the  heterogeneous  combustion. 

Dynamic  limits,  being  not  a  property  of  the  state  of  a  system,  can  be  observed  only 
indirectly;  all  the  experimental  techniques,  already  known,  must  be  matched  together  in 
order  to  observe  simultaneously:  ignition,  combustion  rate,  pressure,  temperature,  bright¬ 
ness  and  doppler  signal.  It  was  observed,  and  analytically  proved,  that  the  dynamic  stabi¬ 
lity  lower  limit  is  instantaneously  valid  for  monotonically  decreasing  forcing  in  time, 
asymptotically  for  arbitrary  in  shape,  but  growing  fainter  in  time,  forcings;  in  parti¬ 
cular  pressure  Impulses  and  radiation  impulses  were  considered  as  external  forcings.  The 
stability  limit  is  the  same  for  pressure  and  radiation  disturbances,  if  the  condensed 
phase  is  optically  opaque,  as  solid  propellants  often  are. 

In  order  to  observe  the  combustion  dynamic  stability,  the  implemented  experimental 
technique  argued  is  described.  A  steady  combustion  sustained  by  laser  radiation  at  pres¬ 
sure  of  interest  is  considered;  dynamic  stability  is  directly  bound  to  the  radiant  flux 
intensity  and  to  the  fall  speed  of  radiant  impulse  required  in  order  to  extinguish  com¬ 
bustion;  hence,  a  radiant  flux  variation  produces  the  same  effect  as  pressure  variation; 
advantage  in  experiments  is  well  imaginable. 

A  laser  radiation,  appropriately  selected,  in  order  to  produce  a  negligible  photo¬ 
chemical  effect  and  well  controllable,  is  the  ideal  external  forcing  in  determining  sta¬ 
bility  limits  -  static  and  dynamic  -  and  of  acoustic  admittance  of  solid  fuels;  acoustic 
admittance  driven  by  radiation  derives  from  its  connection  with  acoustic  admittance 
driven  by  pressure.  Unprofitableness  in  using  pressure  like  external  forcing  in  this 
kind  of  tests  is  due  to  following  difficulties: 

-  strong  perturbations  induced  of  fluidynamic  and  kinetic  character; 

-  difficulties  in  the  forcing  control. 

In  Fig.  7.1  the  experimental  apparatus  for  tests  of  combustion  driven  by  monochro¬ 
matic  and  appropriately  modulated  light,  at  variable  pressure  from  vacuum  to  tens  of  at¬ 
mospheres  and  with  a  variable  period  from  millisecond  to  tens  of  second. 

The  instrumentation  chain  for  the  required  diagnostics  must  be  connected  to  the  ex¬ 
perimental  bench  and  with  anemometers,  laser,  high  speed  cinematography,  oscilloscope, 
image  visualization,  power  meter,  etc. 

7 . 2  Interception  systems 

The  detection  of  shock  waves  originating  from  the  interaction  of  fast  bodies  with 
the  ionosphere  and,  generally  speaking,  the  transmission  of  signals  through  ionized  gases 
(e.g.  from  and  towards  aircrafts  and  spacecrafts  at  super  and/or  hypersonic  velocities) 
plays  a  great  role  among  all  the  defense  problems. 

Plasma  physics  already  possesses  most  of  the  theoretical  and  experimental  methodolo¬ 
gies  suitable  for  studying  the  ionized  gases;  at  present,  such  methodologies  are  widely 
used  in  controlled  thermonuclear  fusion  experiments:  a  very  important  research  field  con¬ 
nected  with  the  future  availability  of  energy  (e.g.  Tokamak  and  Stellarator  machines, 
Plasma  Focus  apparatuses,  laser  fusion  systems,  etc.). 

It  is  then  natural  to  acquire  such  methodologies  and  to  make  them  to  tend  towards 
this  wide-scope  and  up-to-date  topic;  the  research  on  ionized  gases  has  a  great  operatio¬ 
nal  flexibility  being  able  to  be  everytime  focused  on  the  specific  emergent  problems. 
Moreover,  the  "broad  range"  professionalism  gained  by  the  engaged  people  guarantiees  the 
continuity  at  the  operational  level  for  the  staff  personnel. 

Aside  from  the  above  mentioned  very  important  defense  problems,  it  is  then  useful  to 


list  some  of  the  fields,  most  of  which  possess  a  technological  nature,  which  have  problems 
very  similar  to  those  found  in  the  research  on  ionized  gases: 

a)  telecommunications;  b)  shock  wave  dynamics  and  explosion  phenomena;  c)  physics  of  the 
ionosphere;  d)  aerospace  problems;  e)  ion  and  electron  beams;  f)  plasma  lasers;  g)  sur¬ 
face  conditioning;  h)  controlled  thermonuclear  fusion;  i)  energy  conversion;  1)  ionic 
propulsion;  m)  solid  state  plasmas;  n)  combustion  and  chemical  plasmas.  In  spite  of  the 
differences  existing  among  the  practical  applications  of  the  above  mentioned  topics,  the 
related  research  problems  need  similar  theoretical  and  experimental  methods  and,  often, 
very  similar  diagnostic  apparatuses. 

Here,  we  propose  a  "Diffusion  Plasma  Machine"  (DPM)  for  producing  a  quiescent  and 
homogeneous  plasma.  It  has  two  specific  characteristics:  simplicity  and  a  great  opera¬ 
tional  flexibility.  These  two  requisites  have  to  be  considered  as  essential  for  a  last¬ 
ing  experimental  plant,  i.e.  for  a  research  installation  which  must  satisfy  further  ex¬ 
perimental  requirements  connected  with  a  today-unknown  future. 

Fig . 7.2 schematical ly  shows  the  DPM  apparatus  for  producing  the  basic  quiescent  plasma 
("environment  plasma") (for  plasma  production  see  also  Appendix  II).  This  plant  is  a  unit- 
composed  system  with  three  structural  modules:  the  central  one  is  connected  to  the  vacuum 
system.  The  filling  gas  is  injected  through  valves.  The  three  modules  have  basically  the 
same  structure:  a  low  permeability  metallic  jacket  encloses  a  cylindrical  grid  which  is 
heated  up  to  the  thermoionic  emission  temperature;  an  accelerating  potential  is  applied 
between  the  two  structures  and  the  resulting  plasma  diffuses  towards  the  center  of  the 
machine  due  to  particle  diffusion  processes.  The  three  units  can  be  operated  both  simul¬ 
taneously  and  separately;  the  electrical  insulation  between  them  allows  a  differential 
biasing  when  required.  Moreover,  the  two  metallic  grids  a  and  a'  separate  the  three  mod- 
uls  for  providing  the  requested  boundary  values  for  the  plasma  voltage  between  two  adja¬ 
cent  sections. 

The  external  jacket  and  the  flanges  must  be  water  cooled.  For  each  unit,  the  elec¬ 
trical  insulation  between  the  cylindrical  grid  and  the  external  jacket  is  obtained  by 
means  of  two  ceramic  rings  connected  by  metallic  tension  rods  supporting  the  filament 
winding  which  constitutes  the  electrically  heated  cylindrical  grid.  A  set  of  flanges 
in  the  external  jacket  provides  the  required  accessibility  to  the  machine  for  diagnostics 
purposes,  allowing  the  introduction  of  probes,  electrical  devices  and  the  set-up  of  op¬ 
tics  windows. 

The  proposed  machine  (DPM)  allows  the  creation  and  containment  of  a  "quiescent" 
plasma  with  an  electron  density  of  the  order  10h  -  1010  cm- J and  electron  temperature  of 
the  order  0.5-5  eV.  More  tenuous  plasmas  with  parameters  even  closer  to  the  ionospheric 
ones,  are  obtainable  by  means  of  various  plasma  sources:  for  this  reason  the  flanges  P' 
must  have  a  diameter  broad  enough  for  allowing  the  connection  of  these  sources  to  the 
machine,  thus  greatly  improving  the  plant  flexibility. 

The  low  magnetic  permeability  of  the  external  jacket  allows  the  use  of  Helmholtz 
coils  or  of  permanent  magnets  for  providing  a  weak  magnetic  field  if  required  by  the  ex¬ 
perimental  conditions.  Obviously,  the  magnetic  field  configuration  must  be  carefully 
planned  to  avoid  unwanted  effects  in  the  plasma  formation  and  diffusion  processes. 

Fig.  7.3  shows  the  cylindrical  grid  in  the  inner  region  of  the  (external)  jacket. 

The  filament  material  is  tantalum  (or  other  similar  ones),  the  filament  diameter  can  be 
estimated  of  the  order  0.1  mm.  The  insulation  ceramic  rings  must  tolerate  a  continuous 
operation  at  a  temperature  of  the  order  2.000°C  in  their  outer  hottest  region  (boron 
fluoride).  The  mean  distance  of  the  cylindrical  grid  from  the  inner  surface  of  the  jacket 
can  be  estimated  of  the  order  10  mm  (tipically:  20  mm). 

The  flanges  perpendicular  to  the  cylindrical  axis  of  the  machine  prevent  some  re¬ 
gions  of  the  inner  surface  from  being  effective  in  the  plasma  formation  process:  they  re¬ 
present  spatial  discontinuities  affecting  the  desired  homogeneity  of  the  plasma.  To  lower 
this  effect,  the  ratio  ®M/®i  cannot  be  lower  than  6-7,  where  ®m  anc*  ®i  are  the  machine 
and  the  flange  diameters,  respectively  (see  Fig.  7.3). 

In  conclusion,  it  is  useful  to  point  some  requirements  for  the  related  instrumental 
apparatuses  and  to  list  some  of  the  required  diagnostic  systems:  a  laser  with  power  of 
50  MW  (optimum:  20J  in  20  nsec,  i.e.  1  GW),  microwave  interferometry,  spectroscopy  in 
the  visible  range,  Langmuir  probes,  r.f.  injection  systems  and  spectrum  analysis,  reso¬ 
nance  probes,  Faraday's  cups,  etc. 

8 -DATA  ACQUISITION  SYSTEM 


In  order  to  design  a  laboratory  for  experimentations  as  close  as  possible  to  real 
conditions  but  of  short  duration  one  has  to  develop  data  acquisition  systems  capable  of 
recording,  during  the  test,  all  the  data  necessary  to  understand  the  investigated  pheno¬ 
mena.  In  short  time  duration  the  maximal  amount  of  data  has  to  be  collected  i.e.  one  has 
to  utilize  very  high  rate  data  acquisition  systems.  The  optimal  system  configuration  of 
the  data  acquisition  system  is  depending  upon  the  type  of  measurements  to  be  operated 
and  chiefly  on  the  sampling  frequency  needed  and  on  the  test  duration  (data  volume). 
These  parameters  determine  the  choise  of  data  acquisition  subsystems.  Fig.  8.1  shows  the 
actual  and  projected  limits  in  the  next  5  years  for  the  main  subsystems  dealt  with  the 
following  paragraphs. 


8 . 1  Converters 


The  conversion  speed  for  A/D  devices  is  the  most  significant  parameter  able  to  con¬ 
tain  the  cost  of  the  whole  system.  In  fact,  for  a  fixed  number  of  channels,  a  higher 
conversion  speed  allows  more  signal  channels  multiplexed  on  the  same  converter  and  less 
data  channels  out  of  the  converter  thus  simplifying  the  architecture  of  the  system. Today 
A/D  conversion  modules  can  be  found  in  the  market  with  adequate  resolution  power  at 
prices  ranging  in  the  low  thousands  USD  capable  of  converting  at  50-100  kHz.  In  the  near 
future  and  at  higher  prices  conversion  systems  with  frequencies  higher  than  100  MHz  will 
be  available.  Costs  rise  anyway  since,  at  such  a  high  frequencies,  subsystems  for  data 
storage  are  needed.  For  100  ?  200  MHz  A/D  conversion  systems  in  the  next  few  years  prices 
will  range  in  the  low  tenths  of  thousands  USD. 

8 . 2  Memorie s 


Data  sampled  have  to  be  stored  in  memories  from  which  will  be  retrieved  for  comput¬ 
ing  purposes;  the  dimensions  and  speed  of  the  memories  are  critical  parameters  for  dimen¬ 
sioning  the  whole  system.  Mass  memories  chiefly  disks  make  no  problem  for  the  storage  of 
high  volumes  of  data  but  speed  is  severely  limited,  transfer  speeds  of  about  50  kHz  are 
the  actual  limit.  For  higher  frequencies  buffer  memories  are  needed  to  accomodate  tempo- 
rarly  the  data;  by  this  way  conversion  rate  can  be  higher  but  dimension  limits  are  severe 
and  the  volume  of  data  transferable  is  low.  Disks  and  removable  disks  chiefly  are  a  very 
handy  way  of  storing  data. 

8.3  Control  systems 

A  control  system  masters  the  operation  of  the  conversion  channels  and  the  storing  of 
data  collected  during  the  test;  this  can  be  accomplished  at  different  levels.  At  low 
speeds  for  the  incoming  data  a  microprocessor  with  analog  interfacing  devices  can  be  uti¬ 
lized  on  real  time. 

For  faster  speeds  the  control  has  to  be  distributed  in  sophisticated  peripheral  sub¬ 
systems  whose  task  is  the  acquisition  and  storage  of  data.  A  central  computer  with  limit¬ 
ed  computational  power,  acts  as  a  supervisor  and  manages  the  transfer  of  data,  once  the 
test  has  be  completed,  from  the  buffer  memories  to  the  mass  memories  as  shown  in  Fig. 8. 2. 

Today  available  microprocessors  once  interfaced  with  A/D  converters  are  capable  of 
coping  with  frequencies  in  the  order  of  500  kHz.  In  the  near  future  the  HMOS  technology 
will  push  this  limit  upwards  in  the  range  of  5  MHz. 

For  still  higher  speeds  dedicated  control  systems  are  needed  which  are  constituted 
by  high  speed  special  components  by  which  speeds  up  to  100  MHz  are  obtainable  a.'  shown  in 
Fig.  8.3. 

As  for  the  programming  language  implemented  to  ease  the  operation  of  software  confi¬ 
guration  of  the  control  system,  interpreters  to  be  easily  used  by  not  highly  specialized 
operators  are  forecastable. 

8 . 4  Electronic  laboratory 

The  optimal  configuration  for  each  data  acquisition  system  is  depending  upon  the 
test  requisites  and  the  characteristics  of  the  available  subsystems.  Some  considerations 
on  this  point  have  to  be  evidentiated ;  sampling  frequency,  number  of  channels,  test  dura¬ 
tion;  since  these  parameters  are  depending  upon  the  specific  test  to  be  carried  out  the 
data  acquisition  system  configuration  has 'to  be  found  case  by  case. 

8 . 5  Considerations  on  data  acquisition  systems 

Operational  limits  dealt  with  the  preceeding  paragraphs  are  not  coincident  with  the 
limits  of  the  devices  available  in  the  market;  in  fact  because  of  economic  reason  systems 
on  the  edge  of  the  technological  capabilities  are  not  generally  worth  to  be  manufactured. 

The  ratio  between  the  performance  of  the  systems  availables  in  the  market  and  the 
inherent  potential  limits  of  the  components  can  be  grossly  estimated  to  be  around  10  and 
this  ratio  is  probably  going  to  stay  in  the  future.  This  considerations  entails  that  a 
research  laboratory  has  to  have  an  electronic  department  whose  tasks  are: 

-  to  configurate  the  data  acquisition  systems  for  the  specific  test  by  means  of  utilizing 
available  subsystems  and  modules; 

-  to  design  and  realize  high  performance  systems  utilizing  components  at  the  highest 
technological  limits  in  order  to  fill  the  gap  between  the  potentially  realisable  sy¬ 
stems  and  the  ones  available  in  the  market. 


8 . 6  Sensors  and  advanced  diagnostic  techniques 

These  Instrumentations  and  components  needed  in  each  test  are  widely  different  depend¬ 
ing  upon  the  type  and  modality  of  the  test  and  therefore  general  projection  are  not  easi¬ 
ly  assessable. 

Continuosly  rising  limits  in  pressure  temperature  and  speed  of  gases  and  transient 
phenomena  response  impose  highly  demanding  requisites  to  the  sensors  and  measurements 
chains  along  with  the  more  conventional  necessities  of  accuracy  and  precision.  Sensor  poi¬ 
soning  by  means  of  the  characteristics  of  the  (reacting)  gases  has  to  be  mentioned. 
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Progress  in  the  last  years  has  been  slow  and  perhaps  new  techniques  and  technologies 
promise  further  improvements.  This  problem  area  is  certainly  one  of  the  most  critical  and 
demanding  and  one  that  shows  inadequacies  in  front  of  the  theoretical  and  experimental 
needs.  Several  manufactures  are  involved  in  the  field  whose  number  is  rising  in  front  of 
the  widening  use  of  microprocessor  based  control  systems  which  necessitates  progress  in 
sensors  and  acquisition  devices.  The  energetic  and  aerospace  fields  are  strongly  oriented 
toward  more  utilization  of  these  systems;  solutions  for  extreme  experimental  conditions 
are  therefore  the  leading  realizations  from  which  industrial  components  benefit. 

9.  CONCLUSIVE  REMARKS 


Looking  at  the  development  of  aerospatial  propulsion  in  the  near  and  medium  term  fu¬ 
ture  in  the  whole,  it  can  be  observed  that  complex  experimentation  procedure  shall  be 
needed  in  all  the  areas  of  systems  and  components  for  propulsive  devices  in  order  to  de¬ 
velop  more  and  more  significant  mathematical  models  to  simulate  the  physical  phenomena 
and  therefore  to  forecast  the  propulsion  system  behaviour. 

Long  term  tests,  demanding  large  energy  consumption  and  personnel  worktime  are  less 
preferable  than  short  burst  of  energy  at  high  power  levels  -  from  200  103to  106  kW  -  in 
short  durations  (10  -  1000s).  The  laboratory  has  to  be  fitted  with  optical  and  electronic 
highly  sophisticated  instrumentation  (while  continuously  updating  in  front  of  new  diagno¬ 
stical  techniques)  and  with  data  acquisition  systems  capable  of  allowing,  in  very  short 
time  durations,  to  collect  and  compute  data  by  means  of  distributor  microprocessor  power 
and  central  processors  of  high  power  in  order  to  analyze  thoroughly  the  physical  phenome¬ 
na  both  in  fluid  and  in  machine. 

Reliability  analysis  of  single  components  and  of  the  whole  propulsion  system  may  well 
be  performed  by  means  of  an  accurate  sampling  of  experimental  data  and  by  application  of 
analytical  and  mathematical  methods  which  have  been  today  developed  and  used  for  nuclear 
power  plants  and  relative  components. 

In  case  of  a  strict  necessity  of  carrying  out  examinations  for  a  long  time  at  speeds 
up  to  Mach  number  2  t  2.8  aircrafts  yet  existing  can  be  properly  fitted  along  with  expe¬ 
rimental  flying  laboratories  like  DC-10  and  Concorde.  Utilization  of  the  abovementicned 
aircrafts  or  similar  as  experimentation  centers  copes  with  actual  and  future  economical 
considerations  in  the  same  way  as  the  spatial  shuttle. 

Having  examined  research  laboratories  for  aerospace  propulsion  typical  of  the  past 
I  think  to  have  envisaged  with  adequate  certainty  a  research  laboratory  apt  for  the  fu¬ 
ture,  that  is  yet  in  the  present,  in  the  way  synthetically  expounded  in  the  present  re¬ 
lation  . 
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APPENDIX  1 

In  order  to  operate  a  blow-down  one  has  to  store  large  quantities  of  air  at  high 
pressure  in  large  air  cylinders  whose  volume  capacity  ranks  in  the  1000  t  2000  liters 
range  and  which  are  capable  of  sustaining  very  high  pressures  200  t  300  bar  (the  maximum 
allowable  pressure  has  to  be  about  10%  higher)  and  to  control  by  means  of  a  series  of 
pressure  regulators  the  desired  pressure  and  flow  to  carry  out  the  test. 

In  this  situation  cost  containement  can  be  looked  after  by  means  of  volumetric  com¬ 
pressors  of  limited  flow  value:  the  delivery  pressure  has  to  overcome  300  t  400  bar  and 
the  richarge  time  of  course  varies  depending  upon  the  compressor  flow  rate  and  the  volume 
to  be  filled. 

Air  compressors  can  be  driven  by  electric  motors  or  reciprocating  diesel  engines 
and  compress  the  air  with  mono  or  bicylindric  configuration;  whenever  possible,  natural 
gas  has  to  be  chosen  as  a  fuel. 

Fig.  III-1  shows  a  detailed  scheme  of  the  storage  plant  with  air  cylinders  fitted 
for  the  wind  test  beds  of  the  CNPM  laboratory  of  the  Politechnic  of  Milan  to  carry  out 
tests  on  compressor  and  turbine  cascades  as  dealt  with  in  Appendix  III. 

When  air  inlets  and  nozzles  have  to  be  investigated  (by  means  of  air)  as  components 
of  propulsion  systems  for  supersonic  or  hypersonic  speeds  (Mach  n.  4-12)  in  order  to  sub¬ 
stantially  rise  the  air  flow  speed  in  the  wind  bet  it  is  possible  to  operate  the  dis¬ 
charge  in  a  vacuum  sphere  of  high  capacity,  in  which  depression  by  means  of  a  proper 
vacuum  pumping  set  can  be  as  low  as  1-0.5  mm  Hg. 


APPENDIX  II 

High  power  values,  for  reasonably  long  times,  is  an  uneasy  task  and  the  power  values 
to  be  installed  in  order  to  operate  subsonic  and  transonic  wind  tunnels  with  large  air 
flows  (very  large  sections)  and  to  operate  supersonic  wind  beds  with  lower  air  flows  are 
as  high  as  to  necessitate  electric  motors  highly  costly,  unreliable  and  difficult  to 
find. 


The  characteristics  of  actual  electric  motors  with  continuous  current  excitation  for 
present  and  future  realizations  are  shown  in  the  plot  of  Fig.  II-1.  These  characteristics 
f  imply  limitations  in  the  use  of  electric  motors  to  actuate  compressors  in  order  to  drive 

I  wind  tunnels  and  therefore  blow-down  techniques  have  to  be  utilized. 

In  order  to  make  a  blow-down  the  energy  storage  system  may  well  be  mechanical-based 
on  kinetic  energy  accumulation  in  large  flywheels  (this  technique  has  been  yet  adopted  at 
the  CERN  laboratories  in  Geneva  for  the  synchrothrone  and  at  the  Max-Plank  Institut  fUr 
Plasma  Physik  to  generate  plasma) .  This  type  of  energy  storage  is  certainly  more  flexible 
than  the  storage  of  compressed  air  in  large  cylinders;  in  fact  it  can  be  used  also  to 
drive  electric  motors,  compressors,  pumps  etc. 

Kinetic  energy  accumulation  can  be  accomplished  in  a  single  flywheel  for  low  energy 
values  or  in  cylinders  constituted  by  the  point  of  several  flywheels.  Actual  technologies 
lead  to  different  limits  depending  upon  the  choise: 

-  Germany  120-150  t  ; 

-  USA  180-210  t  ; 

-  Japan  220-250  t  . 

As  a  fact  in  order  to  obtain  a  higher  rotor  mass  and  consequently  a  higher  energy 
1  storage  the  cylinder  can  be  configurated  with  significant  length  values  which  vary  from 

3  m  up  to  7  m.  Powers  to  drive  the  cylinder  up  to  the  maximum  speed  are  not  very  high  and 
anyway  lower  if  a  vacuum  chamber  is  fitted  around  the  flywheel  to  lessen  the  air  friction 
losses. 

An  electrical  motor  can  be  coupled  to  the  cylinder  but  the  operation  time  duration 
of  the  electric  motor  is  strongly  limited  by  overheating  since  cooling  techniques  are  un¬ 
easy.  Fig.  II-1  shows  the  coupling  characteristics.  Operating  time  durations  vary  from 
20  s  to  a  minimum  of  3. 

Coupling  by  means  of  an  overgear  can  be  easily  accomplished  as  well  as  driving  a 
pump.  These  facts  demonstrate  the  inherent  versatility  of  the  devise  and  the  diversifi- 
cated  use  of  this  basic  energiser  in  a  laboratory  for  aerospace  propulsion  and  for  all 
the  other  uses  dealing  with  energetic  problems. 

Figs.  II-2,  II-3,  II-4  show  plots  of  the  thermal  power  (W) ,  compressed  water  flow 
(kg/s)  and  compressed  air  flow  (kg/s)  versus  time  duration  (s) .  Fig.  II-3  and  II-4  show 
different  curves  as  a  function  of  pressure.  Curves  have  been  computed  for  overall  system 
efficiencies  of  0.5  and  0.75.  The  calculus  has  been  carried  out  basing  upon  the  follow¬ 
ing  assumptions  (data  have  been  drown  down  from  the  Max-Plank  Institut  fUr  Plasma  Physik) 
Cylinder : 
length  5.700  m 
outer  diameter  2.9  m 
inner  diameter  0.4  m 

,  flywheel  weight  223  t 

whole  weight  323  t 
peripheral  speed  250  m/s 
~\  rotational  speed  1650  rpm 

Other  characteristics  are: 
driving  engine  power  5700  kW 
maximum  available  energy  1450  MWs 
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maximal  electric  generator  power  167  MVA 
maximal  AC  output  voltage  2x3,3  kW 
maximal  AC  output  2x22,5  kA 

pulse  duration  11  s 

repetition  interval  6  min 

time  to  reach  nominal  rpm  25  min 

time  to  break  down  18  min 

time  to  slow  down  (without  breaking)  3  h 

A  further  consideration  is  that  in  order  to  install  electric  motors  of  very  high 
power,  omitting  cost  and  realisability  problems,  an  electric  power  line  is  needed  devoted 
to  the  job.  Otherwise  a  black  out  would  be  determined  in  the  area  served  by  the  power 
station  during  the  operation.  The  peak  power  value  is  well  higher  than  that  of  an  ordina¬ 
ry  nuclear  power  plant. 


APPENDIX  III 


Inside  the  limitations  of  the  structures  and  of  the  financial  possibilities,  the  Po¬ 
lytechnic  of  Milan  (CNPM)  has  followed  the  two  criteria  above  mentioned  for  its  turboma¬ 
chinery  experimentations. 

The  laboratory  has  a  high  pressure  (130  bar)  air  stockage  facility  at  the  moment; 
but  a  new  bigger  and  higher  pressure  (200  bar)  equipment  is  now  being  built  which  will  be 
able  to  provide  supersonic  flows  for  short  periods  (from  5  sec  to  10  min).  The  scheme 
of  this  installation  is  represented  in  Fig.  III-1 .The  laboratory  is  now  developing  a  clos¬ 
ed  cycle  circuit  useful  for  experimentation  of  subsonic,  transonic,  supersonic  compres¬ 
sors  and  turbines  working  with  air  or  suitable  fluid  mixtures  which  allow  to  reach  high 
Mach  numbers. 


The  technical  features  of  the  installation  are  the  following:  on  the  test  rig  com¬ 
pressors  or  turbines  can  be  tested  with  power  recovery  with  the  aim  of  a  coupling  of  a 
generator/motor  in  d.c.  till  400  kW.  Such  a  system  allows  to  test  800  kW  compressors 
whose  half  power  would  be  given  by  the  electric  net.  Other  main  features  are: 


compressor  max  power 
turbine  max  power 
working  fluid 
revolution  speed 
max  rotor  diameter 
max  flow  rate 


800  kW 
4  00  kW 

air  or  other  fluids  (freon,  etc.) 
0  t  35000  rpm 
500  mm 

1 5  kg/s  for  8=2 
4  kg/s  for  8  =  10 


The  scheme  of  the  turbomachinery  test  rig  and  a  siplified  lay-out  are  shown  in  Fig.III-2 
and  Fig.  III-3. 

The  disegn  of  the  plant  was  fully  carry  out  and  the  construction  has  already  started  at 
C.N.P.M.  (Centro  di  Studio  per  Ricerche  sulla  Propulsione  e  sull 'Energetical • 
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Figure  5.1 


Fig. 5. 2  The  proposed  laboratory  configuration  with  the  centralized  acquisition 
and  data  reduction  system 
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Interacting  particle  Interaction  type  cross  section 


cm7 

Particle  0  1  um 

Mie  scattering 

10  10 

Molecule 

Absorption 

10  17  t  10  20 

Molecule 

Fluorescence 

10  16  ?  10  21 

Molecule 

Rayleigh  scattering 

10  M 

Mo lecule 

Raman  rotation 

10  30 

Molecule 

Raman  vibrational 

10  31 

Tab.h.  1  Main  characteristics  for  some  optical  diagnostics 
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Fig. 6. 1  The  research  laboratory  with  the  distribution  system  of  a  centralized  high  power  laser  beam 
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Fig.6.2  A  typical  three  component  velocimeter  schematic 


Experimental  set-up 

1 .  C02CW  laser 

2.  Camera  shutter 

3.  Variable  attenuator/beam  expander/K-..leidoscope 
system/optic  integrator  system 

4.  High  pressure  I.R.  window 

5.  Solid  propellant  (target) 

6.  Combustion  chamber 

7.  Diagnostic  system 

3.  High  pressure  visible  window 


Fig.7. 1  Test  rig  for  combustion  research  with  power  laser 
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Fig.8. 1  Actual  and  projected  speed  limits  for  data  acquisition  subsystems 


A/D  =  analog  to  digital  converter 
MUX  -  multiplexer 
DK  =  disk  memory 


Fig.8.2  System  configuration  for  signal  acquisition  up  to  500  kHz 
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Fig. 8. 3  System  configuration  for  signal  acquisition  up  to  100  MHz 
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1 4.  Abstract 

These  Conference  Proceedings  contain  34  of  the  35  papers  presented  at  the  AGARD 
Propulsion  and  Energetics  Panel  56th  Symposium  on  Turbine  Engine  Testing  which  was 
held  in  Turin,  Italy,  on  29  September-3  October  1980.  The  Technical  Evaluation  Report 
is  included  at  the  beginning  of  the  Proceedings.  Questions  and  answers  of  the  discussions 
follow  each  paper. 

The  Symposium  was  organized  into  7  sessions:  Certification/Demonstration  Testing 
Requirements  (8  papers);  Development  of  Test  Requirements  (5  papers);  Engine  Life 
Prediction/Correlation  (5  papers);  Complete  Powerplant  Testing  (7  papers);  Engine 
Component  Testing  (7  papers);  Development  Testing  of  Gas  Turbines  for  Limited  Life 
Application  (1  paper);  and  Requirements  for  Future  Testing  (2  papers). 

The  aim  of  the  Symposium  was  to  provide  better  test  methods  to  the  engine  research  and 
development  engineers  and  to  meet  the  manufacturer’s,  the  buyer’s  and  the  user’s  test 
requirements  for  engine  delivery,  reliability,  economy  and  maintenance.  The  Symposium 
created  an  examination  of  the  various  testing  types  which  are  proof  testing,  capability  testing, 
design  testing  and  trouble  shooting,  and  discussed  the  definition  of  procedures,  instrumenta¬ 
tion  and  test  performance  for  current  and  future  requirements. 
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